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FOREWORD 


All  data  reported,  herein  was  originally  released  in  Aerojet-General 
Corporation,  Solid  Rocket  Plant,  Materials  and  Fahricatlon  Report  No.  339>  en¬ 
titled  "A  Survey  of  Insulation  Materials",  dated  8  November  196I.  Data  repoi'ted 
in  Appendix  B  was  released  in  Aerojet-General  Coiporatlon,  Solid  Rocket  Plant, 
I'fetertals  and  Fahrlcation  Report  No.  289,  "A  Survey  of  Rocket  Insulation  Test 
Devices,  insulation  Performance,  and  Insulation  Behavior",  dated  23  April  196I. 

Acknowledgement  Is  made  to  the  following  named  persons  who  contributed 
materially  to  the  original  reports:  R.  L.  Kfeller,  Development  Englnear,' 

A.  A.  Stenersen,  Supervisor,  Insulation  Application  Researoh  and  Development 
Seotlonj  E.  G.  Gras,  Mstallurgieal  Engineer;  and  J.  P,  Wilson,  Technician.  ^ 
This  report  Was  prepared  under  Contract  HoT  AT  33(657)-8890,  TasklKo. 
738i03>  literature  survey  and  compilation  of  tu^publlshed  materials  Infoimtion 
for  inert  propulsion  components  generated  by  the  Solid  Rocket  Plant.  This  task 
la  being  coordinated  at  Aerojet-General  Corporation,  Solid  Rocket  Plant,  by 
Alexander  Kowzan,  Nozzle  Components  and  Project  Support  Department 6 
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NOTICES 


When  U.  S.  Government  drawings,  spectficatione,  or  other  data  are  used  for 
any  purpose  other  than  a  definitely  related  government  procurement  operation,  the 
government  thereby  incurs  no  responslhlllty  nor  any  obligation  whatsoever;  and  the 
fact  that  the  government  may  have  fomulated,  famished,  or  in  any  way  supplied  the 
said  drawings,  specifications,  or  other  data  is  not  to  he  regarded  by  implication 
or  otherwise,  as  in  any  manner  licensing  the  holder  or  anj"-  other  person  or  corpora¬ 
tion,  or  conveying  any  rights  or  pennisslon  to  menufacture,  use,  or  sell  any 
patented  invention  that  may  in  any  way  be  related  thereto. 

This  document  may  not  be  reproduced  or  published  in  any  form  in  whole  or  in 
part^  without  prior  approval  of  the  government.  Since  this  is  a  progress  report  the 
infomatlon  herein  is  tenative  and  subject  to  changes,  corrections  and  modifica¬ 
tions. 


ABSTRACT 


A  review  was  made  of  published  reports  and.  literature  on  the  insulation 
materials  to  estatlish  the  status  of  the  art  in  theory,  formulation,  testing,  and. 
processing;  to  establish  the  type  of  design  data  available  and  to  provide  an 
analysis  of  the  available  data.  A  major  effort  was  made  to  obtain  information  on 
internal  insulation  materials. 

Discussed  in  this  report  are  the  common  theory  of  the  ablation  process,  tlie 
status  of  heat  transfer  analysis  of  ablative  materials,  the  test  devices  and  test¬ 
ing  techniques  presently  used  for  material  evaluation  and  the  status  of  development 
and  processing  of  Internal  insulation  materials.  Pferformnce  data  of  internal 
insulation  material  from  torch  screening  tests,  plasma,  generators,  subscale — 
propellant  test  motors  and  full  scale  motor  firings  are  presented,  Significant,,, 
performance  data  of  nozzle  Insulation  materials  and  external  InsuDation  materials 
are  included.  Physical  and  mechanical  property  data  are  shown  for  some  nozzle  and 
internal  insulation  materials. 
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INTRODUCTION 


Thermal  protection  of  parts  eixposed  to  high  teirperatnres  is  presently  a 
major  problem  in  the  development  of  solid  rocltet  motors  and  space  vehicles.  Nozzle 
components  and  the  fore  and  aft  end  of  solid  propellant  motor  cases  are  exposed  to 
the  erosive  conditions  of  propellant  flames  at  temperatures  as  high  as  6600°F. 
nie  stln  temperatures  encountered  on  re-entry  to  earth  of  space  vehicles  and  nose 
cones  is  estimated  to  reach  temperatures  in  excess  of  10,000®F. 

To  provide  thermal  protection  for  the  critical  areas,  a  series  of  thermal 
protection  systems  such  as  heat  sink,  radiation,  reflection,  transpiration,  and 
ablation  have  been  investigated  to  some  extent.  Ablative  Insulation  Is  currently 

considered  the  simplest,  the  most  effective  and  arellable  Mthod  for  thermal _ 

protection  of-the- exterior  and  int&rior  of -motor -cases -and  for  the  nozzle  entrance- 
area  and  the  exit  cone. 

Ohe  feasibility  of  thermal  protection  of  missile  parts  by  ablative  insula¬ 
tion  materials  was  at  fllPst  clearly  demonstrated  on  re-entry  of  nose  cones  in  195S. 
Since  then  extensive  work  has  been  conducted  by  governmental  agencies  snd  firms  in 
testing  and'  evaluation  of  the  ablative  properties  of  plastics  and  reinforced  . 
plastics.  Some  work  has  also  been  done  to  analyze  the  mechanism  of  ablation  and 
-to  fommlate  •e^lM:^Mrlc  abiatlye  mateylals .  ^  Seyei^l;  hundred  peKtlnentiarticle  s. 
have  been  publi8h^_.-  ®fi_se_articie^  contain  prlmarlljriiif ormation  and  test  data 
oil  ablative  materials  obtained  Yy  model  studies  and  laboratory  testing.  Little 

been  available  on  test  data  obtained,  at  actual  use  condl- 
of  solid  propellant  motors  have,  however,  been  test-fired 
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infoxnation  has  as  yet 
tions.  A  large  number 


at  the  AeroJet-Q«neral  Cozroratloa  usiag  ablative  Insulation  materials.  The 
quantitative  data  reported  on  the  performance  of  ablative  insulation  materials  on 
test  firings  of  solid  roclcet  motors  are  useful  as  design  Information.  The  status 
of  work  conducted  on  ablative  insulation  materials  with  regard  to  theoiy,  formula¬ 
tion,  testing  and  processing  and  quantitative  performance  data  reported  on  insula¬ 
tion  materials  from  full-scale  motor  firings,  sub-scale  propellant  motor  tests  and 
material  screening  tests  are  discussed  in  this  report.  This  work  was  conducted 
under  Contract  No.  AP  33(600 )-366lO. 

II.  '  OBJECTIVE  Aim  SCOPE 

The  over-all  objective  of  this  survey  was  to  collect,  tebulate  aM  euialyze 
published  data  obtained  by  various  govemmsatal  agencies  and  Aerojet-General 
facilities  during -the  testing  of  insulation  materials  intended  for  solid . rocket 
motor.  1;  .  ■ 

The  material  design  data  of  primary_  interest  included  ablation  rates  and 
erosion  rates  at  varying  exposure  conditions,  physical  and  omchanicai  properties, 
and  data  on  beat  transfer,  formulations  and  processing. 

The  scope  of  the  analysis  was  to  establish:  a  possible' correlation  of 
material  performance  data  in  the  various  te^ts  and  motor  firings,:  tO- evaluate  test 
"  e^ipMirt  and  attempt  to  establish  the  main  factors  that  affect:  the  rate,  of  erosion 
;^and.  ablation  at  given  and  vsurylng,  exposure  conditlone.  The  BUrvey_therefore, 
involves  a  review,  of !  ’  —  v  i  -:  ■ 

_  Li.  ,Work  conducted  to  detamlne  the  factors  that  affect  the  rate  of 
erosion  and  ablation. 
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2.  The  development  of  test  devices  and  testing  techniques  for  ahlatioo. 
materials . 

3.  Performance  data  from  full-scale  firings,  sub-scale  test  motors  and 
screening  tests. 

4.  Physical,  mechanical,  and  chemical  properties  of  insulation  systems 
and  their  components. 

5.  Processing  of  insulation  systems. 

III.'  CONCLUSIONS  . 

A.  The  literature  on  ablative  Insulation  materials  reveals  that  extensive 
effort ft _have_bean  made  in  the  development  of  test  devices  and  in  the  evaluation  of 
reinforced  plastics  for  nose  cone  insulation. 

B.  ^e  main  physical  and  ohemdcal  reactions  that  tate  p^oe  during'  the_ 

ablation  process  are  believed  to  be  known,  but  the  relative  effect  of  the  many 
paranetera  that  determina  ablation  rates  at  given  exposure  conditions  have  hot 
been  determined  experimentally.  — 

C.  Analytical' solutions  have  been  (drived  for  the  heat  transfer  in 
ablating  materials  assumlhs  steady  state  conditions. 

D.  A  number  of  torch  test  devices  have  been  developed  for  laborstory 
screening  aM  evaluation  of _ab3jiti^  insit^  materials.  A  round  robin- test 
program  conducted- to;  standardize  an  oxyacetylene  torch  test  reveals  pOw  pOrrela- 
^onTof  test  data  obtolned  by  various^ devices  involved.  IS^bOtylehe  torch  ^ 

tests  do  not^ appear  capable  of  screening  insulators  for  rocket  motors  but  have 
been  found  useful  as  laboratory  tests  in  the  development  of  ablative  insulation 
materials . 
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E.  Plasma jet  tests  appear  to  "be  \iseful  for  evaluation  of  nose  cone  and 
external  insulation  materials.  Flasnajet  test  data  on  internal  insulation  materials 
do  not  correlate  well  with  suh-soale  motor  data. 

F.  Ihe  test  data  of  primary  Interest  for  the  design  of  internal  insula¬ 
tion  profiles  are  the  dimensional  material  loss  rates  or  ablation  rates. 

Q.  Sub-scale  propellant  motor  tests^  which  simulate  the  environments 
producted  in  full-scale  motors^  appear  to  be  the  most  useful  tests  for  evaluation 
of  internal  chamber  insulation  materials. 

H.  Detailed  quantitative  data  on  the  performance  of  internal  insulation 
in  full  scale  motors  have  been  reported  only  during  the  past  two  years  and  for 
relatively  few  motors. 

_-I.  -  A  aeries  of  rubber-based  materials  have  recently^been  developed  for. 
internal  insulation  of  rocket  motors.  Sub-scale  propellant  motor  tests  show  best 
performance  for  insulation  systems  based  on  nitrile-rubber  as  binder  with  either 
asbestos  or  boric  acid  as  filler. 

J,  RITE  Motor. tests  on  the  V-hk  insulation  material  (GTSB)  show  that 
this  material  has  a _^creaslng  rate  of  ablation  vith  time  of  exposure.  The  rate 
of  oblation  increases  markedly  w-lth  chamber  pressure  in  the  range  from  200  to 


_  Ki _  Polyurethane  -Insulation  materials  have  shown  good  performance  in 

EAGLE  and  0AM-^7A  motors.  _  _  _  _  .  > 

_  L. _ Graphite -phenolic  and  glass-fiber  phenolic  in8ulatlbri“8ycteBa  are 

currently  the  best  available  materials  for  insulation  of  nozzle  exit  cone  and 
entrance  section  respectively. 


-  h  - 


RECOMMENDATIONS 


r/. 

A.  Programs  for  development  and  evaluation  of  internal  insulation  system,^ 
should  include  determinations  of  the  thermophysical  properties  of  premising  materials. 
These  properties  are  needed  for  heat  transfer  analysis  used  in  the  design  of  insula¬ 
tion  profiles. 

B.  In  the  development  of  ablative  insulation  materials,  efforts  should  be 
made  to  determine  experimentally  the  main  factors  that  affect  the  rate  of  ablation 
and  erosion  and  the  experimental  data  correlated  with  theoretical  heat  transfer  data 
and  chemical  thermodynamic  property  data  of  the  material  conponents  used. 

_ Ct- - The -developmant-of -improved  insulation  systems  should  be  directed - 

toward  systems  which  can  be  more  easily  processed. 

.  D.  Inproved  teats  are  needeii  particularly  for  screening  of  internal  ^ 
insulation  materials. 

E.-  ■  “  Sub -scale  propellant  test  motors'", such  as: the  BITE  Motor  should  "be” 
used  for  evaluation  of  nozzle  and  Internal  Insolation  systems.  /' 

P.  .  Efforts  should  be  made  to  develop  S;  sub-scale  test  motor  that  if/ 
more  versatile  and  less  costly  to  operate  than  the  RITE  Motor.  The  motor  must  be 
capable  of  simulating  full-scale  motor  firing  conditions  and  should_j3e  capabil^  of 

testing  a  |erles_qf -mterials-  in  one  .firing. _ _ ,  _ _ _ ' 

-  a.  To  provide  useful  design  data,  ablative  J,nsulatlon  materials'  should 
be  tested  for^ ablation  and  e^rosloh  rates  both  by  weight  and  dimension" 
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A.  TERMINOLOC3Y 

Ihe  published  literature  on  ablative  materials  shows  that  the  terms 
used  to  describe  ablation  phenomena  are  different  at  various  agencies.  At  the 
Aerojet-Qeneral  Corporation,  the  terms  differ  to  some  extent  with  project  and 
facility.  Ihe  need  for  a  standardized  terminiology  is  realiited  at  agencies  such  as 
the  Bureau  of  Standards  and  ASTM  (American  Society  for  Testing  Materials).  Commit- 
taea  have  therefore  been-appolnted  to  standardize  the  terminology  for  ablation 
materials  In  conjunction  with  standardization  of  flame  tests.  (Jhtll  a  standardized 
terminology  is  available  it  is  necessary  to  define  the  terms  used  in ^ub^c^tlo^ 
and  reports .  Definitions  of  terms  used  in  this  report  are  llsted'in  Appendix  A. 

B.  -  THE  ASIATIC^ 

'T.^ '  ghysioal  and  Chemical  Reactions  in  the  Ablating  Zone 

. -  The  literature  review^  Ih.ov!^,  that/only  some  jaspe.ets  of  the  - 

mechanism  of  ablation  have  as  yst  been  investigated.  The  publications  on  ablative 
materials  (about  5OO)  are  primarily  concerned  with  the  high  teagiaraturd- properties . 
Some  studies,  hoyeyer,  hava-been:,made  on  the  heat  transfer  mechanism  and-the  theimo 
physical  state  change  reactions  involved.  Only  a  few  prelimlna^  lnyi8t|gation8 
havs-bssn  r.»d5  ori-t^theOTochemicai  reactions“/that  take  please.  The -most  Informa¬ 
tive  ipubllaatlons  on  the  ablatidh  process,  see  refqreh^^,^ndlcate^that  the-mln.^ 
phys leal  and  chemical  reActlons-  involved  we  as^  fOllcn/B ; ^ ^ ‘  — 

:-:rT;a.  -  Abeoiptlon  Of  Heat-  tdzBeachzthe  AblatioxrTen®efatures 

When  an  ablative  Insulation  material,  consisting  of  a 
polymeric  binder  and  an  inorganic  filler,  is  exposed  to  an  environment  such  as  the 


propellant  flame  or  e.xliaust,  aome  heat  energy  is  at  first  ahosrhed  by  the  material 
before  einy  state  changes  take  place.  The  amount  of  heat  energy  absorbed  depends 
primarily  on  physical  properties  of  the  material  such  as  thermal  conductivity  and 
specific  heat. 

b.  Absorption  of  Heat  by  State  Change  Reactions 

As  soon  as  the  surface  layer  of  the  material  has  reached 
a  certain  temperature,  binder  and  filler  components  start  to  decompose  or  ablate. 

The  initial  ablation  temperatui*es  vary  greatly  with  type  of  binders  and  fillers 
used.  Heat  energy  is  absorbed  during  physical  state  changes  such  as  sublimation, 
fusion,  and  vaporization,  concurrently, -a  series  of  chemical  reactions  take-place. _ 
The  filler  con^ponents  formed' react  with  each  other  and  with  components  of "the 
propellant  combustion  gases.  The  heat  energies  absorbed  and/or  given  off  during 
these  reactions  are  dependent  on  the  heat  of  decoiupositlon  and  heat  of  formation 
of  the  reactions^  However,  the  rate  at  which  these  reactions  take  place  1b  ja 

predominant  factor.  The  chemical  reactions  that  take  place  are  dependent  oA 

-  i  ■ 

.temperature_and,  pressure  and  may  be  governed  to  some  extent  by  catalysts  added  to 
the  materials. 

^  _  Char  Pomatlon 

Ihe  result  of  the  initial  physical  state  changes  and 
chenical  x^aations  is  the:  formation  of  solid  and  lli^uld  decomposition-products  at 
wt^r  ia^f  of  the  ablating  naterlal.  This  char  layer  Increases  in  thickness 
ank  changes  in  cos^osltlon  and  physical  properties  with  time  of  exposure.  Oenerally 
the  char  layer  formed  provides  increased  thermal  and  mechanical  protection  with  time 
of  exposwe. 


d.  Transpiration  Cooling 

The  gases  formed  In  the  inner  decomposing  material 
layer  are  emitted  (transpire)  through  the  pores  of  the  char  residue  and  provide  a 
counter-flow  of  gases  against  the  impinging  particles.  The  gases  emitted  are  in 
general  relatively  cool.  Therefore,  mass  transfer  cooling  tahes  place  between  the 
gases  emitted  and  the  hot  propellant  combustion  products  (transpiration  cooling), 
thereby  providing  a  protective  shield  or  barrier  against  the  inpinging  particles . 
The  effectiveness  of  this  shield  as  a_ protective  barrier  depends  on  the  rate,  the 
amount,  molecular  weight,  and  the  heat  capacity  of  the  gases  formed. 

e.  Radiation  Cooling 

In  addition  to  the  heat  dissipated  through  absorption, 
some  heat  is  re-radiated.  The  amount  of  heat  re-radiated  is  influenced  by  the 
-properties  of-the  char  and  its  surface  tenperatiire .  The  incorporation  of  radiation 
"hloclcing"  agents  have  been  foimd  effective  in  increasing  the  radiation  cooling 
effect  of  insulation  materials. 

2.  Machanieal  Factors 

The  rate  of  decomposition  of  the  ablative  material  is  an  . 
important  factor  in  obtaining  a  minimum  rate  of  ablation.  If  the  rate  of  decompo¬ 
sition  is  very  fast  the  ebletiag-curfacs  layer  iiay  be  forced  to  expand  in  a  similar 
manner-'^  expansion  of  plaBtlc  foams.  This  results  generally  in  very  little  heat 
abBOjption.  On  the  other  hand.  If  the  decomposition  '3  . .yerylslow,  the  material  nayr 
Jbe  ef^^d  away  mechanically  ^before  heat  absozption  tahes  place.  The  mechanical 
properties,  of  the  ablative  materials  at  high,  elevated,  and  ambient  teiiperatures 
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affect  the  liisulation  performance  in  several  ways.  A  highly  crosslinkedj  rigid,, 
structure  has  been  found  desirable  to  prevent  decomposition  of  the  binder  into 
liquid  components  and  for  the  formation  of  effective  chars.  However,  an  internal 
Insulation  material  which  is  bonded  to  the  chamber  and  the  propellant  may  be 
subjected  to  high  stresses.  A  flexible  material  has  therefore  been  found  to  be 
essential  in  order  to  avoid  mechanical  failures.  Spalling,  craclcLng,  or  flaking 
may  also  occur  below  the  material  softening  temperature  of  rigid  insulation 
materials  due  to  vibrations.  Separation  of  thermally  softened  material  pieces  may 
be  caused  by  impact  erosion  of  particles  in  the  propellant  exhaust. 

3‘  Exposure  Conditions 

a.  Propellant  Flames 

The  environmental  exposure  conditions  produced  by 
propellant  flames  and  exhaiwt  differ  considerably  with  the  various  type  propellant 
oUM’ehtly  used  in  solid  rocket  motors.  An  aluminized  propellant  produces  generally 
more  erosive  conditions  than  a  non-alumlnlzed  propellant.  An  oxidizing  atmosphere 
may  be  detrimental  to  some  insulation  systems  and  advantageous  to  others.  The 
variables  of  this  type  environment  maybe  divided  into  physical,  chemical  and 


mechanical  factors.  Some  of  the  variables  of  propellent  exhaust  affecting  ' 

rate  of  ablation  are  believed  to  be:  -  - 

Density  of ^constituents 

^  ^  (2) 

Concentration  of  cohstltueats  7 ' 

(3) 

Velocity  of  constituents 

W 

Temperature 
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(5)  Total  mass  flow  rate 

(6)  Atmospheric  condition  (reducing,  oxidizing) 

h.  Aerodynamic  Heating 

The  environments  encountered  by  nose  cones  on  rs-antzy 
differ  widely  from  propellant  exhaust  conditions.  The  main  factors  considered  in 
evaluation  of  nose  cone  materials  are  total  heat  flux  and  mass  flow  rate. 

4.  Formulation  Variables 

The  ablative  insulation  materials  consist  generally  of  an 
organic  polymeric  binder  and  an  inorganic  filler  incorporated  as  a  pigment,  filler, 
or  fabric. 

Organic  polymers  are  used  as  binders  to  provide  the  required 
mechanical  properties  over  a  wide  temperature  service  range  because  of  their  low 
thermal  conductivity  and  their  ability  to  provide  thermal  and  mechanical  protection 
by  the  formation  of  an  erosion  resistant  char.  The  char  formation  and  properties 
of  the  ehsi*  are  Influenced  by  such  factors  as  the  chemical  structure  of  the  poly¬ 
meric  binder,  its  crosslinhing,  unsaturation,  relative  concentration  of  aliphatic 
and  armomatic  carbon  atoms,  concentration  of  H,  0  and  other  elements,  and  type  of 
polymer  linkages. 

Highly  crosslinlcsd  binders  ars  genei-ally  desirable  because 
these  binders  on  heating  to  high  temperatures  do  not  melt  but  decompose  primarily 
in  the  solid  state.  The  partially  degraded  material  Inside  of  the  char  may  there¬ 
fore  have  useful  mechsuilcal  properties  at  high  temperatures.  A  lEurge  concentration 
of  euromatlc,  condensed  aromatic,  and  certain  cyclic  rings  in  the  binder  is  desirable 
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beoatise  a  relatively  large  amount  of  heat  energy  is  required  to  hreak  or  alter  their 
chemical  heads. 

The  function  of  the  fillers  is  to  ahsorh  heat  energy  prlaarlly 
hy  state  change  reactions.  The  rate  at  which  these  reactions  take  place  Is  a 
decisive  factor.  Coniposltlon  parameters  that  influence  the  rate  of  ablation  may 
therefore  he  divided  Into  physicsd,  chemical  and  mechanical  properties  and  charac¬ 
teristics  as  listed  in  the  following  table: 

POBMUIATION  VARIABISS 


Physical  Fentore 

Chemical  Factors 

Mechanical  Factors 

1. 

Density 

1.  Chemical  structure 
of  binder  and  filler 

1. 

Tensile  strength 

2. 

Thermal  conductivity 

2.  Crosslinking 

2. 

Elongation 

3. 

Specific  heat 

3.  Type  polymer  linkage 

3. 

Binder-filler  bond 
strength 

Thermal  diffuslvlty 

4.  Elemental  concentra¬ 
tion  of  constituents 
(C,  H,  0,  N,  etc.) 

4. 

Filler  and  grain 
orientation 

5.  Heat  of  suhlimatlon^ 

VS»pC2*iSS'viCIi 

C .  THEORETICAL  HEAT  TRANSFER  ANALYSIS  OF  ABLATIVE  MATERIALS 

The  heat  transfer  mechanism  of  char-forming  ablative  materials  is  very 
complex  (25).  The  char  layer  ooaplicates  the  heat  transfer  problem  because  It 
Introduces  a  second  phase  between  the  solid  and  gaseous  houndaiy  layer  and  because 
of  the  flow  of  gases  from  the  decomposing  material  through  the  char.  A  problem 
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encountered  in  conducting  heat  transfer  analysis  using  the  equations  derived  is  the 
lack  of  accurate  thermophysical  property  data  such  as  thermal  conductivity  and 
specific  heat  at  high  temperatures  and  of  heat  and  temperatui’e  of  ablation.  In 
addition,  the  deconpoBitlon  products  formed  and.  emitted  through  the  char  are 
difficult  to  analyze  and  are  generally  not  Imovn. 

To  conduct  a  heat  transfer  analysis  for  a  material  that  ablates  with 
formation  of  a  char,  it  is  necessary  to  make  a  series  of  assumptions  including: 

a.  A  constant  heat  of  ablation 

b.  A  constant  temperature  of  ablation 

c.  ateady  state  conditions 

d.  No  overall  shrinkage  in  decomposing  material  and  char 
Ey  use  of  analytical  model  studies,  equations  have  been  developed 

and  evaluated  to  show  the  relationship  between  a.blation  rates  and  char  properties 
for  various  conditions  simulating  aerodynamic  heating.  Some  of  the  conoluslons 
reached  by  model  studies  seem  to  agree  with  experimental  data. 

The  Aerojet-General  Corporation  has  reoenUy  conducted  a  heat  transfer 
analysis  to  investigate  the  relative  effect  of  various  thermophysical  properties  on 
the  ablation  rates.  The  analytical  solutions  derived  are  not  Included  in  this 
report.  However,  some  results  of  this  analysis  are  shown  in  Figures  1,  2,  3^  ^  aad 
5.  It  is  noted  that  variations  in  the  heat  of  ablation,  the  temperature  of  abla¬ 
tion,  and  the  specific  heat  greatly  affect  the  rate  of  ablation  while  a  variation 
In  the  thermal  conductivity  has  a  negligible  effect. 
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D 


TEST  DE'/ICES  AND  TESTING  TECHNIQUES 


1.  Llterat\ire  Review 

A  review  was  made  of  test  devices  and  testirig  technlq.ues  used 
in  the  development,  evaluation,  and  analysis  of  ahlative  insulation  materials.  This 
review  showed  that  major  efforts  have,  to  date,  heen  done  in  the  development  of 
test  devices  to  determine  ablation  rates  at  environments  simulating  aerodynamic 
heating  and  propellant  exhaust.  Attempts  are  currently  being  made  in  the  design 
and  development  of  new  improved  test  devices  and  instruments  to  analyze  materials 
char  forming  ability,  heat  absorbing  ability,  gaseous  decomposition  products  formed 
during  the  ablation  process,  and  composition  and  nature  of  propellant  exhaust.  The 
literature  revealed  minor  efforts  to  develop  Improved  tests  for  evaluation  of  the 
physical  properties  of  materials  at  elevated  and  high  temperature.  Such  data  are 
needed  in  heat  transfer  analysis  and  anals'sls  of  the  major  factors  that  determine 
the  rate  of  performance  of  ablative  materials.  Test  devices  to  detenrdne  char 
properties  at  the  high  temperatures  encountered  in  ejqposure  to  propellant  exhaust 
have  not  been  reported.  The  test  tools  currently  used  in  the  development  and 
evaluation  of  ablative  materials  are  briefly  discussed  below. 

2.  Devices  for  Testing  of  Ablative  Properties 

a.  Oxyacetylene  Torches,  Plasma-arcs  and  Sub-scale  Motors 
A  comprehensive  survey  of  torch  test  devices,  plasma 
generators  and  subscale  propellant  motors  was  made  and  is  discussed  in  Appendix  B. 
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3.  Differential  Iherml  Analysis  (PTA) 

DTA  is  used  as  a  guide  in  material  development  to  determine  the 
heat  absorption  potential  of  materials.  Essentially,  this  method  involves  the  use 
of  reference  and  unkno™  materials  heated  in  separate  containers  at  a  fixed  rate, 
as  illustrated  in  Figiire  6.  Comparison  of  the  temperature  difference,  which  is 
measured  by  using  a  differential  thermocouple  whose  thermal  e.m.f.  is  continuously 
plotted  by  a  recording  potentiometer,  usually  versus  time,  determirea  their  oon®ara- 
tive  heat  absorption  potential.  Exothermic  as  well  as  endothermic  processes  C6ui  be 
recorded. 

The  use  of  DTA  in  determining  absorption  potential  is  limited 
due  to  the  fact  that  many  DTA  patterns  are  too  coinplex  or  diffuse  to  be  quanti¬ 
tatively  treated.  The  many  parameters  and  unlmown  variables  (experimental  and 
theoretical)  result  in  uncertainty. 

4.  Ihemogravimetrlc  Analysis  (TQA) 

Thermogravlmetrlc  Analysis  is  also  used  as  a  guide  In  material 
development.  By  this  analysis  tlie  resld;ial  weight  of  sample  material  is  measured 
continuously  as  the  sample  is  heated  at  a  controlled  rate.  In  modem  practice, 
a  virtually  linear  function  of  residml  weight  is  automatically  recorded  on  a  time 
basis  or  on  a  tetroerat.nre  basis.  In  either  case,  the  ultimate  record  is  a  plot  of 
residual  weight  fraction  versus  the  environmental  temperature  in  a  region  near  the 
•sample.  The  effect  of  different  heating  rates  on  the  TOA,  due  to  its  reproduci¬ 
bility  and  correlation  to  the  extent  of  degradation,  is  at  present  considered  more 
reliable  than  DTA  in  obtaining  the  absorption  potential  of  materials. 


5.  Emission  Spectra  and  Chemical  Ajmlysis 

The  initial  crarpreheneive  studies  of  the  chemical  reactions 
involved  in  the  ablation  process  have  been  made  by  Stanford  Research  Institute 
(26,  27) .  These  studies  include  investigations  of  technlq[ues  for  sampling  the 
gaseous  boundary  layer  of  an  ablating  resin  in  an  argon-stabilized  plasmajet  and 
the  use  of  emission  spectra  for  analysis  of  the  boundary  layer.  The  gaseous 
decoinposition  products  of  several  resins  were  determined  by  mass-spectrographic 
analysis.  The  results  show,  however,  no  particular  correlation  between  ablation 
performance  of  a  material  and  either  its  emission  spectra  or  the  products  of 
ablation. 

E.  INTERNAI.  INSULATION  MATERIALS 
1.  Formulation 

Organic  polymers  have  inherently  good  thermal  insulation 
properties  and  ablate  when  exposed  to  high  temperatures.  Elastomeric  polymers 
such  as  polyurethanes  and  nitrile  rubber  have  therefore  been  used  for  lining  and 
internal  Insulation  of  solid  rocket  motors.  In  recent  years  it  has  been  found  that 
the  ablative  properties  and  the  erosion  resistance  of  such  polymers  can  be  greatly 
Improved  by  the  incorporation  of  fillers  or  reinforcing  agents  which  have  high  heat 
absorption  potentials. 

The  approach  used  in  the  development  of  internal  insulation 
has  to  date  primarily  involved  evaluations  of  binder-filler  systems  for.  heat- 
absorbing  ability  by  DTA  and  for  char-forming  ability  and  ablative  properties  by 
TGA  and  oxyacetylene  torch  tests. 
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Nitrile  rubber  systems  have  been  founl  particularly  promising 
as  biniiers  by  various  rubber  companies.  The  oarlock  7765  material,  a  nitrile 
rubber-silica  system,  has  been  used  as  a  reference  internal  insulation  material  for 
several  years. 

Improved  nitrile  rubber  systems  have  recently  been  developed 
by  the  Mare  Island  Naval  Shipyard  (ooinpound  388-58  and  388-98)  emd  by  the  General 
Tire  and  Rubber  Company  (V-H  and  V-52).  The  improvement  in  ablative  properties  of 
these  systems  are  claimed  to  be  due  primarily  to  in^proved  processing  teohnlaues. 

Phenolic  resin-nitrile  rubber  binders  have,  by  some  companies, 
Including  the  U.S.  Rubber  Company  and  the  Goodyear  Tire  and  Rubber  Company,  been 
found  to  provide  Improved  char  properties  for  more  efficient  transpiration  cooling, 

A  series  of  fillers, such  as  listed  in  Table  I,  have  been  investigated  for  these 
binders.  The  chemical  thermodynamic  properties  given  for  the  fillers  in  circular 
500,  National  Bureau  of  Stauidard  are  included  in  the  table.  The  filler  investiga-  . 
tiona  have  shown  that  boric  acid  and  potassium  oxalate  provide  better  performance 
than  asbestos  in  this  type  binder  system.  Boric  acid  and  potassium  oxalate  are 
believed  to  be  efficient  filler  because  of  their  low  decomposition  temperature  and 
high  rate  of  deconrposltion  at  the  given  ejqjosure  conditions.  The  teinperature  in 
the  deconmoBing  layer  of  thsss  systeius,  when  exposed  to  an  oxyacetylene  torch  flame, 
is  reported  to  be  approximately  800®F. 

Polyurethane  systems  have  been  investigated  to  some  extent  as 
internal  Insiilation  materials  by  the  Aerojet-General  Corporation.  The  systems 
evaluated  have  been  formulated  primarily  for  use  as  chamber  liners  and  not  with 
regard  to  optimum  ablation  and  erosion  resistance. 
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Internal  insulation  materials  based  on  elastomeric  phenolic 
resins  have  recentlj''  been  developed  by  Nobell  Research  Laboratory.  The  compounds 
developed  contain  a  low  filler  concentration  and  are  applied  by  spraying.  'Ihe 
ablative  properties  of  these  systems  are  similar  to  those  of  rubber-based  systems. 

The  reported  programs  for  development  of  internal  Insulation 
materials  include  only  a  few  attempts  to  formulate  ablative  materials  with  regard 
to  the  thermochemical  and  thermophysical  properties  of  fillers  and  binders.  Such 
an  approach  appears  to  be  most  useful  lu  order  to  advance  the  state-of-the-art  and 
to  achieve  a  significant  Improvement  in  the  performance  of  ablative  insulation 
materials.  Research  programs  are  in  particular  needed  to  provide  experimental  data 
for  confirmation  of  current  theories  of  the  mechanism  of  ablation.  Because  of  the 
many  variables  involved,  a  statistical  design  of  formulations  and  a  statistical 
analysis  of  performance  data  appear  necessary  to  establish  the  essential  factors 
that  deteimine  erosion  and  ablation  rates  of  the  given  environmental  conditions . 

2.  -  Ablative  Properties 

a.  Oxyacetylene  torch  tests 

A  large  number  of  rubber  insulation  compounds  formulated 
by  MINS  (Mare  island  Naval  Shipyard)  and  by  &T&E  (General  Tire  and  Rubber  Con^pany) 
have  been  screened  for  ablative  properties  by  a  torch  device  developed  by  GT&E. 

Test  paramfiters  and  exposure  conditions  of  this  device  sire  shown  in  Table  II:.  The 
device  has  an  oscillating  feature  that  is  not  canmon  in  torch  testing.  The  main 
performance  criteria  used  are  the  dimensional  material  loss  rate,  the  thickness  of 
the  char  formed,  and  the  temperature  rise  on  the  back  side  of  the  l/4  inch  thick 
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test  apeciiaens  used.  Performance  data  of  some  internal  insulations  are  shown  in 
Table  III,  The  newly  developed  V-52  has  shown  best  perfomiance  in  this  torch  test. 

A  series  of  internal  Insulation  materials  have  also  been 
evaluated  by  the  RIME  test,  Aerojet-General  Corporation,  Azusa,  California.  The 
RIME  test  has  different  and  more  severe  ejgiosure  conditions  than  the  GT&R  torch. 

The  oxygen-acetylene  ratio  is  1. 2/1.0  as  compared  to  I.O.76/I.O  for  the  GT&S  torch 
and  the  total  gas  flow  rate  is  720  cu  ft/hr  as  compared  to  72  cu  ft/hr  for  the  QTSsR 
torch.  Performance  data  for  the  best  internal  insulation  materials  evaluated  by 
this  device  are  shown  in  Table  IV. 

b.  Plasma  Generator  Test 

Plasma  generators  are  designed  to  produce  very  high 
flame  temperatures  and  high  gas  velocities  and  are  seldom  used  for  evaluation  of 
internal  insulation  materials.  A  few  internal  insulators  have,  however,  been 
evaluated  in  the  plasmatron  device,  Azusa.  The  test  data  obtained  are  of  interest 

for  comparison  with  sub-scale  propellant  motor  data.  Some  of  the  best  test  results 

/ 

reported  are  shown  in  Table  V. 

c.  Sub-scale  Propellant  Motor  Tests 
(1)  RITE  Motor  Tests 

The  PITE  (Rocket  liisulution  Test  Evaluation) 
motor  was  designed  for  evaluation  of  internal  insulation  materials.  Exposure 
conditions  similar  to  those  of  full  scsile  firings  are  obtained  by  use  of  same 
propellant  and  sane_ firing  parameters  as  la  the  full  scale  chambers .  ^ 
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A  total  of  150  RITE  Motors  have  been  fired  to 


evaluate  the  erosion  resistance  of  a  number  of  insulation  materials.  The  test 
data  obtained  for  eight  of  the  best  materials  evaluated  uiider  duplicate  conditions 
are  shown  in  Table  VI.  The  main  performance  criteria  are  the  total  losses  in 
weight  and  thichness  of  the  material  and  the  corresponding  Thickness  Loss  Rate  (TLR) 
and  Mass  Loss  Rate  (MLR).  The  TLR  is  of  primary  interest  to  the  design  engineer  in 
establishing  the  internal  insulation  profile  and  design  safety  factors.  A  rating 
of  the  eight  materials  tested  at  the  established  conditions  with  regard  to  TLR  is 
shown  in  Figure  7«  It  is  noted  that  two  relatively  new  materials,  V-52  ('^1^2-IV-62A) 
and  M-707  show  better  performance  than  the  V-kk  material  which  has  been  test-fired 
and  shown  good  performance  in  several  full  scale  motors.  Figure  7  also  illustrates 
the  Ituportance  of  a  low  density  insulation  material  by  the  (TLR)  X  (density)  product. 
This  product  Is  used  as  a  guide  in  selection  of  the  material  that  by  weight  provides 
the  best  insulation. 

The  V-44  material  has  in.  partlciolar  been 

evaluated  by  RITE  Motor  tests .  The  effect  of  chamber  pressure  on  the  rate  of  erosion 
(TLR)  and  the  rate  of  erosion  (TIE)  vs  time  |>f  e:^posure  for  this  material  are  illus¬ 
trated  in  Figures  8  and  9  respectively.  The  firing  durations  ^^fled  in  Figure  8  are 
approximately  eighty-five  seconds.  Ihe  flame  tsarpeiature  of.jthe  propellant  used  at 
pressures  above  500  psig,  is  approximately  400®F  higher  than  at  the  lower  pressures. 
It  is  noticed  that  the  thickness  loss  rate  increases  rapidly  with  Increasing 
chaiBber  pressure  in  a  pressure  i«.nge  from  200  to  400  p"sig,  '^ile  an  increase  in 
pressure  from  400  to  8OO  psig  has  only  a  slight  effect  on  the  thickness  loss  rate. 
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In  Figure  9,  thickness  loss  rate  valxMS  are  plotted  vs  time  of  exposure  for  the 
periods  6,  l6,  33  and  h5  seconds.  The  thickness  loss  rate  is  high  during  the  first 
seconds  of  exposure  and  decreases  with  time  for  the  firing  durations  used.  The 
main  reason  for  a  decrease  in  the  rate  of  erosion  is  believed  to  be  due  to  increased 
thickness  of  the  char  layer  with  time  of  exposure  providing  increased  thermal 
protection  through  transpiration  or  mass  transfer  cooling  In  the  char  layer. 

(2)  ABL  and  ARC  Test  Motors 

The  AJBL  (Allegheiny  Ballistics  Laboratory)  and 
ABC  (Atlantic  Resesjrch  Corporation)  have  evaluated  a  large  number  of  internal 
Insulation  materials  by  their  test  motors. 

A  "Eoxand  Robin"  Test  Program  conducted  to 
evaluate  the  relative  performance  of  the  USR-3015  and  NOL- 3098  materials  In 

these  and  the  RITE  Mbtor  gives  some  information  as  to  the  effect  of  different 
propellant  exhaust  on  insulation  material  perfoimance.  Standard  first  stage 
POLARIS  propellant  was  used  in  the  RITE  tests.  The  TLR  values  (char  rates)  for 
the  three  materials  in  the  three  teat  motors  are  shown  in  Table  VII.  The  ABL  test 
data  show  best  performance  for  the  USR-3015  material  and  the  poorest  performance 
for  the  NOL-3098  material.  The  ARC  data  show  best  performance  for  the  V-44  material 
and  poorest  perfoi-iueunce  for  the  uSR-3015  laaterial.  The  difference  in  materiel 
perfozmance  is  believed  to  be  due  to  differences  in  propellant  flame  temperature 
and  composition  of  propellant  exhaust. 
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d.  Pull  Scale  Motor  Data 

(1)  POLARIS  Motors 

Erosion  rate  data  on  inoulatlon  materials 
obtained  at  actual  use  conditions  are  of  Interest,  "both  as  material  design  data 
and  in  the  development  of  useful  screening  tests  and  Improved  suh-scale  test  motors. 

A  particular  effort  was  therefore  made  to  obtain  q,uantitatlve  performance  data  for 
correlation  purposes.  pnLAHlS  'eat  firings  were  of  particular  interest  because  of 
the  relatively  large  number  of  motors  fired.  Practically  all  memos  and  reports  on 
POLARIS  Insulations  were  therefore  reviewed.  Perfoimnce  data  for  POLARIS  Motors 
are  shown  in  Table  VIII.  Data  for  nozzle  insulation  are  also  Included  in  this 
table.  Firing  reports  Issued  during  i960  and  196I  provide  detailed  Information  on 
the  amount  and  rate  of  erosion  for  the  entire  area  of  forward  and  aft  end  enclosures. 
These  areas  are  divided  into  sections  and  stations  as  shown  in  Figure  10.  The 
dimensional  material  loss  rate  (MLR)  for  the  V-44  material  at  the  various  stations 
of  first  and  second  stage  A3  motors  are  shown  in  Tables  IX,  X,  and  XI.  The  average 
MLR  for  the  various  stations  in  the  second  stage  motor  aft  closure  is  approximately 
,06.  in/sec.  The  value  for  the. first  stage  motors  is  .18  In/eec. 

(2)  MINUTEMAN  Motors 

The  configurations  and  profiles  of  the  forward 
and  aft  closures  of  the  second  stage  MINUTEMAN  Motor  are  similar  to  those  of  the 
POLARIS  motors.  The  insulation  systems  evaluated  in  the  MINUTEMAN- Mator  include 
Garlock  7765, _aud  the  V-W  material,  llie  dimensional  material  loss  (removal)  rate 
of  V-44  at  the  various  stations  in  MINUTEMAN  aft  closures  are  shown  for  two  motor 
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firings  Ir.  Tatle  XII.  Uie  average  dimensional,  material  loss  rate  for  two  motors  is 
0.l8  in/ sec. 

( 3)  Miscellaneous  Motors 

Ihe  performance  data  reported  for  the  OAM-87A, 
the  eagle:  and  HAWK  motors  were  also  reviewed.  A  comparison  cannot  he  made  of  the 
material  performance  data  in  these  motors  with  the  POLARIS  and  MINUIEMAN  motors 
because  of  the  different  propellant  and  the  different  firing  durations  involved. 

The  polyiurethane  system  used  for  insulation  of  the  EAGLE  and  HAWK  motors  appear  to 
have  as  good  performance  as  nitrile  rubber  insulators  and  should  be  of  particular 
interest  for  internal  insulation  of  rochet  motors  because  of  their  ease  of  process¬ 
ing,  (casting,  spraying)  and  their  good  mechanical  properties  at  low  temperatures. 

3.,_  Mechanical  and  Physical  Properties 

The  mechanical  property  req,ulrements  of  internal  insulators 
vsiy  ^considerably  with  the  dimensions  and  type  of  motor  cases.  A  high  elongation 
seems  to  he  essential  for  Insulation  materials  \ised  in  filament  wound  chambers. 

This  hes,  in  pairtlcular,  been  demonstrated  by  A£Li  The  ;ise  of  insulators  with  a 
uniaxial  elongation  of  apprcKimately  15^  in  filament  wound  test  chambers  has 
repeatedly  resulted  in  rupture  in  the  insulation  on  chaiciber  hydrotesting  at  approxi- 
niBwiy  200  psig^  ^  '  ^  ^ 

Investigations  are  therefore  being  made  of  the  stress -strain 
behavior  of  rubber  insulators  by  varioiis  missile  firms.  Bi-axial  and  tri-axlal 
tensile -elongation  tests  have  recently  been  given  particular  attention.  To  avoid 
mechanical  rupture  in  the  internal  insulation,  materials  with  a  uniaxial  elongation 
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of  approximately'  100^,  at  ambient  temperatiire,  are  ciu’rently  being  uaed  In  filament 
wound  motors.  Ihe  reported  mechanical  properties  of  some  of  the  best  Internal 
insulations  developed  to  date  are  shown  in  Table  XIII.  The  NC-1  material  has  shown 
good  performance  in  ABL  test  motors  but  is  apparently  no  longer  considered  a  candi¬ 
date  internal  insulation  materials  because  of  its  low  elongation. 

Physical  and  thermophysical  properties,  in  general,  have  not 
been  determined  by  the  finns  engaged  in  the  development  of  internal  insulation 
materials.  The  Aerojet-General  Corporation,  Azusa,  has  however,  determined  the 
thermal  conductivity,  specific  heat,  heat  and  temperature  of  ablation  for  some 
internal  insulation  materials.  Available  data  on  the  theimal  conductivity  and 
specific  heat  are  included  for  the  materials  listed  in  Table  XIII. 

F.  EXTERNAL  INSULATION  MATERIAIS 

The  POLARIS  and  the  MNUTEMAN  missiles  require  external  chamber 
insulation  for  thermal  protection  against  aerodynamic  heating  of  second  and  third 
stage  motors  respectively.  Underground  launching  of  the  MINUTEMAN  missile  also 
necessitates  insulation  of  its  first  stage  motor.  Ablative  insulation  is  con¬ 
sidered  to  be  the  moat  effective  and  reliable  external  insulation  method  because 
the  sltln  tengjerature  of  these  motors  may  exceed  1000  or  1500®F.  Data  from  flight 
tests  are,  however,  not  yet  available  to  confirm  estimated  sltln  temperatures. 

The  first,  and  apparently  the  only  major  effort  to  develop  an 
externals  insulation  material  has  been  made  on  the  MINUTEMAN  Program.  Sprayable 
ablative  coatings  have  shown  much  promise  with  regard  to  ease  of  processing  sur¬ 
face  smoothness,  mechanical  and  ablative  properties.  An  alternate  type  material. 
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also  considered  for  external  insulation  of  the  second  stage  POLARIS  A3  Motor  is  a 
cork  compound  that  is  prepared  by  molding  and  cut  into  a  tape.  Eie  tape  is  applied 
by  adhesive  bonding.  Apparent  disadvantages  of  the  cork  tape  is  a  high  material 
cost>  and  a  problem  in  obtaining  a  satisfactory  bond  to  the  chamber  as  well  as  a 
smooth  surface. 

Ablative  properties  of  external  insulation  materials  have  been 
evaluated  in  plasma-arc  tests.  !Ilie  data  for  six  materials  in  !rable  XIV  show  best 
perfomance  for  the  Dc-651  material.  Fnyslcal  and  mechanical  properties  for  these 
external  insulation  materials  are  shown  in  Table  .XV  and  XVI. 
a.  NOZZLE  INSULATION  MATERIALS 

A  review  was  made  of  the  literature  on  ncszle  insulation  materials 
to  establish  the  status  of  material  development  and  testing  techniq.ues.  It  was 

I 

found  that  the  literature  gives  very  little  Information  on  the  chemical  reactions 
that  take  place  during  the  ablation  of  these  materials  end  '^hat  only  minor  efforts 
have  been  made  to  formulate  insvilators  for  the  nozzle  entrance  section  and  exit, 
cone.  A  large  number  of  tests  have  however  been  run  to  provide  engineering  data 
on  the  ablative  properties  and  erosion  resistance  of  commercial  resin  systems  with 
organic  and  inorganic  fiber  reinforcement.  Cccyacetylene  torch  devices  and  plasma 
generators  have  conmcnly-bsen  used  in-these  evaluationsT^uhe^ Tables  Wir,TXViri, 
and  XIX  show  test  data  for  the  best  nozzle  Insulation  materials  evaluated  at  the 
GTiS  torch  test  facility  and  the  Azusa  end  Sacramento  plasma-arc  facilities 
respectively.  The  phenolic  37esin-graphite  cloth  systems  have  in  general  shown  best 
perfoimnce  as  insulators  for  nozzle  entrance  sections  while  the  phenolic,  resln- 
allioa-cloth  (fiber)  systems  have  shown  best  performance  in  nozzle  exit  cones. 


An  evaluation  of  organic  and  inorganic  flter  reinforcement  in  various 
resin  systems  was  made  by  the  University  of  Chicago  using  a  plasma-arc  test  device. 
Hie  results.  Illustrated  in  Figures  11  and  12  show  that  organic  fiber  reinforcement 
has  superior  erosion  resistance  (low  ablation  rates)  at  a  high  heat  flux  level  while 
inorganic  fibers  provide  the  best  erosion  resistance  at  a  relatively  low  heat  flux 
level.  The  good  performance  of  the  organic  fiber-reinforced  resins  at  the  high  heat 
flux  level  is  believed  to  be  due  to  transpiration  cooling  by  low  molccvilar  weight 
gases  such  as  hydrogen,  that  are  formed  on  decomposition  of  the  organic  fibers.  The 
rate  of  decomposition  of  the  fibers  into  small  molecular  weight  gases,  which  is  a 
function  of  temperature,  is  too  low  to  be  effective  at  the  low  heat  flux  level  used. 

H,  CORflBLATION  OP  PERFORMANCE  DATA 

A  conparison  has  been  made  of  the  discussed  performance  data  from 
oxyacetylene  torch  tests,  plasma  generator  tests,  sub-scale  and  full-scale  propel¬ 
lant  motors  to  establish  the  most  useful  tests  for  insulation  material  evaluation. 

Oxyacetylene  torch  test  data  from  a  nuniber  of  torch  test  devices  have 
in  particular  been  investigated  in  conjunction  with  the  NOL-ASTM  standardization 
program  for  oxyacetylene  torch  testing,.  This  program,  sponsored  by  the  Navy's 
Special  Project  Office,  involves  panel  tests  on  different  ablative  insulation 
materials  and  a: statistical  analysis  of  the  test  data.  Test  data  from  the  RIME 
Facility  and  the  GT&R  torch  test  facility  are  included  in  this  correlation  study. 
Results  to  date  show  a  poor  correlation  of  performance  data  between  all  torch  test 


devices  Involved 


A  similar  test  program  is  underway  for  evaluation  of  plaema-arc  test 
devices.  Analytical  data  from  this  correlation  study  have  not  yet  been  made  avail¬ 
able  . 

Atten^ts  to  establish  a  correlation  between  published  plasma-arc 
performance  data  from  different  facilities  showed  that  a  coinparison  could  in 
general,  not  be  made  of  the  reported  data  due  to  lack  of  information  on  the 
materials  cong>o8itions,  differences  in  testing  conditions,  and  differences  in  the 
type  of  data  reported.  Ablation  rates  are  in  general  reported  as  dimensional  values. 
However,  ablation  rates  are  by  some  facilities  reported  as  average  weight  loss 
values. 

A  good  correlation  could  not  be  established  between  either  oxyacetylene 
torch  test  data  and  plasma-arc  test  data  with  sub-scale  propellant  motor  data.  It  is 
to  be  noted  that  materials  such  as  SMR6-11  showed  outstanding  performance  in  the 
plasmatron  test,  and  .relatively  poor  performance  in  the  ElCffi  motor. 

Sub-scale  propellant  test  motors  seem  to  provide  reliable  insulation 
materials  performance  data  that  can  be  correlated  with  full-scale  motor  data.. 
Sub-scale  motor  tests  are  used  extensively  by  the  Alleghany  Ballistics  Laboratory, 
the  Atlantic  Research  Corporation  and  the  Aerojet-Oenerai  corporation. 

_  _  Ihe  RITE  motor  is  the  first  sub-scale  tost  motor  designed  by  the 

Aerojet-General  Corporation  for  evaluation  of  internal  insulation  materials  at 
simulated  full-scale  motor  firing  conditions.  Coo^aratlvs  test  data  from  the  RITE 
motor  and  full-scale  motors  are  to  date  available  only  for  the  V-Wt  material. 

Figure  13  shows  the  average  TLR  values  obtained  for  this  material  in  the  ROT  motor 
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at  simxilated  first  and  second  stage  POLARIS  A3  test  conditions  and  the  average  TLR 
for  aft  head  insulation  of  the  corresponding  full-scale  POLARIS  motors.  A  good 
correlation  seems  to  exist  between  the  TLR  in  the  RITE  motor  and  the  full-scale 
motors  with  regard  to  the  firing  parameters  used.  Uie  average  TLR  data  for  V-44 
in  the  second  stage  MINUTEMAH  motor  and  in  the  GT&R  torch  device  are  Included  for 
costparlson. 

I.  ABLATIVE  N(^LE  THROATS 

The  evaluation  of  fiher-reinforced  plastics  and  rubber  insulations  in 
torch  test  and  plasma  generators  have  indicated  that  it  is  feasible  to  develop 
ablative  nozzle  throats.  The  following  type  ablative  materials  may  be  considered; 

1.  Materials  that  Ablate  with  a  Constant  Rate  of  Ablation 

Some  materials,  such  as  fluorocarbon  polymers,  have  been 
reported  to  ablate  without  the  formation  of  a  char.  Ofcher  materials  ablate  with 
the  formation  of  a  very  weak  char  that  is  immediately  removed  from  the  ablative 
surface  by  high  velocity  propellant  exhaust.  These  type  materials  will  apparently 
assume  a  constant  rats  of  ablation  at  constant  environmental  conditions.  A  problem 
Involved  in  such  a  development  is  to  achieve  a  sufficiently  low  ablation  rate. 

'2.  Materials  with  Decreasing  Rate  of  Ablation 

Insulation  materials  based  on  rubber  and  phenolic  resin-rubber 
binders  appear  to  have  a  decreasing  rate  of  ablation  with  time  of  exposure  (Pig.  9). 
Tlie  decrease  in  rate  of  ablation  seems  to  be  a  function  of  char  formation,  char 
properties  and  thickness  of  the  char  formed.  This  type  ablative  material  seems  to 
offer  some  promise  in  nozzle  throat  applications. 
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3.  Intumescent  Ablative  Materials 

The  U.S,  Rubber  Compaiiy  has  recentlj'  Indicated  that  it  appears 
feasible  to  develop  an  ablative  nozzle  throat  that  will  maintain  nearly  constant 
dimensions  during  exposure  to  propellant  flames  by  intumescense  (expansion  of  char 
layer),  Itie  development  of  such  a  material  would  involve  sin  extensive  investiga¬ 
tion  of  char  properties. 

J-  PEOCESSIirO  OP  ABLATIVE  INSULATION  MATERIAI5 

The  primary  factors  considered  in  the  processing  and  application  of 
ablative  insulation  material  are; 

!•  Time  and  cost  of  operations  involved. 

2.  Effect  of  processing  variables  on  material  performance. 

3,  Inspection  and  quality  assureuice. 

The  processing  methods  generally  used  in  the  application  of  internal 
insulation  materials  are: 

1.  Hand  lay-up. 

2.  Molding  and  adhesive  bonding. 

3.  casting 

k.  Spraying 

_  _ The  hand  lf^r-'.'«-proos3s  has  boeu  used  in  the  appiloatlon  of  the 

epoxy-asbestos  insulation  for  POLARIS  motors.  This  method  is  tlme-consumltig  suod 
expensive.  However/ the  performance  of  the  epoxy-asbestos  insulation  is  not 
greatly  affected  by  material  Ispuritles^  catalyst  levels  and  variation  in  curing 
conditions.  Rubber  insulations  have  also  been  applied  by  the  hand  lay-up  process. 
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2he  cure  and  consequently  the  performance  of  rubber  Insulators  may  be  affected 
considerably  by  impurities  picked  up  on  handling  and  by  small  variations  in  the 
concentration  of  catalyst  and  antioxidant.  Variations  in  curing  temperature  and 
time  may  also  affect  their  performance. 

Ihe  use  of  molded  rubber  closures  for  the  forward  and  aft  end  chamber 
Insulation  offers  an  advantage  to  the  hand  lay-up  method  in  that  a  molded  part  can 
be  pre-lnspeo.ted  before  the  bonding  operation.  A  problem  is  introduced  in  adliesive 
bonding  of  rubber  ins\ilators.  The  use  of  molded  rubber  closures  is  also  limited  to 
a  certain  size  chamber  because  of  limitations  in  the  size  of  molding  equipment. 

The  application  of  internal  insulation  materials  by  casting  and 
spraying  offer  some  advantages  to  the  hand  lay-up  and  the  molding -bonding  procedure 
with  regard  to  the  time  and  the  cost  of  the  operations  involved.  Casting  and 
spraying  can  also  be  used  for  application  of  the  Insulation  in  very  large  motors. 

The  effect  of  processing  variations  on  the  performance  of  rubber 
Insulators  has  been  studied  to  some  extent  by  several  firms.  The  performance  of 
the  nitrile -CTibber  asbestos  system  has  in  particular  been  improved  by  new  processing 
techniques.  It  has  been  shown  that  the  size  euid  distribution  of  filler  particles 
and  the  orientation  of  fiber  reinforcement  are  Inportant  factors.  The  U,S.  Eubber 
Conipajiy  has,  for  example,  demonstrated  that  one  five-minute  mixing  cycle  of  asbestos 
(Plastlbest  20)  in  styrene -butadiene  rubber  results  in  good  flame  performance. 
Repetition  of  the  five  minute  mixing  cycles  up  to  twenty  times  shows  that  the  rata 
of  erosion  for  this  system  increases  with  time  of  mixing. 

The  processing  of  nozzle  insulation  Involves,  in  general,  compression 
molding  and  adhesive  bonding.  External  insulation  is  generally  applied  by  spraying. 
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TABLE  II 


TESTING  PABAMETERS  FOR  OXYACETYLENE  TORCH  DEVICE,  GTS®. 


1.  CKygen-acetylene  ratio 

2.  Total  gas  flow  rate 

3.  Flame  temperature 

Test  speolmen  dimenalona 

5*  Specimen  distance  from  torch  tip 

6.  Specimen  location 

7*  Torch  oscillation  onto  specimen 


1.029/1.00 

72  scuf/hr 

5600®F 

2  in.  dia., 

0.25  in.  thick 

1 . inch 

parallel  position 

60*  angle,  10  cycles/mln, 
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Oxygen-acetylene  ratio,!  1,029/i 
Total  gas  ilo'.T  rate,  72  cu:  ft/lii 
Flame  temp,  5o00^F 
Distance  'bstreen  torch  tip  avnd 
specimen,  1  ir— 


Helium  iised  at  flint  leiiels  of  '730  and  96O  BTlJ/lt^-sec 
Argon  ’rsed  at  flux  level  of  830  BTO/lt^-sec.  ‘ 


TABLE  VI 


RITE  MOTOR  DATA 


Matarlal 

Firing 

Parameters 

^8lg> 

nation 

Vendor 

isensliy 

g/cm3 

Dura^( 

eec 

3n  Av  Pc 
.  Psig 

V-52 

OT&B 

1.316 

92 

355 

M-707 

Goodyr 

1.187 

85 

34i 

v-W- 

GT8£ 

1.29 

80 

32S 

P-33 

Nazmco 

1.47 

86 

322 

9001 

..AOC, 

Azusa 

1.29 

75 

325 

1126 

Novell 

1.19 

88 

344 

3015 

USR 

1.27 

78 

340 

SMR6> 

11 

Stoner 

1.227 

82 

400 

Weight 

Loss 

s 

..  Av 

niickness 
Loss  Bate 
in/ sec 

Av 

Char 

in. 

Av 

Degraded 

Material 

in. 

(Density) 

X 

(Av  TLR) 

.0067 

.137 

.033 

.0088 

750 

.0078 

.100 

•0^3 

.0093 

. - 

.0085 

.158 

*031 

.0102 

601 

.0084 

.233  . 

.040 

-■  ,,0124 

•  701  '  ■ 

”  .0097- 

.04l 

.021, 

.oui ' 

936 

.0105 

--- 

***** 

.0106 

•iSf 

.029 

.0135 

889 

,0129 

:  - 

-  ^051- 

“.0158 
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TABIE  IX 


THICKNESS  LOSS  RATE  V8  STATION 
OF  V-hk  IN  SECOND  STAGE  POLARIS  A3  AFT  CLOSURE 

SECTION 


Station 

-21 

4^ 

60* 

221 

105” 

120 

135° 

35 

0 

0 

0 

.0004 

.0015 

0 

0 

0 

3^ 

0 

0 

0 

.0008 

.0011 

0 

0 

0 

33 

.0002 

0 

0 

.0011 

.0010 

0 

0 

0 

32 

.0013 

0 

0 

.0010 

.0008 

.0017 

0 

0 

31 

.0017 

0 

.0004 

.0015 

.0012 

.0021 

0 

0 

30 

.0027 

0 

.0012 

.0033 

.0016 

.0022 

.0004 

0 

29 

.0030 

.0006 

.0026 

.0022., 

.0015 

.0017 

.0004 

0 

28 

.0037 

.0010 

.0025 

.0024 

.0018 

.0024  , 

.0014 

0 

27 

.0035 

.0019  ' 

,0037 

.0035 

.0019 

.0027 

.0033 

.0005 

26 

.0040 

.0017 

.0055 

.0037 

.0030 

.0022 

.0045  . 

.0009 

25 

.0058 

.0037 

.0066 

.0039 

,0042 

.0033 

.0051 

.0021 

24 

.0069 

.0035 

.0063 

.0045 

0 

0 

0 

.0035 

.0053 

.0023 

23 

.0078 

.0041 

.0065 

.0947 

.0053 

.0029 

.0055 

.0033 

22 

.0078 

.0052 

.0067 

.0053 

.0069 

.0024 

.0059 

.0942 

21 

Nozzle 

Area 

.0050 

.0080 

.0057 

Nozzle 

Araa 

.0083 

.0066 

.0043 

20 

Nozzle 

Area 

.0064 

.0089 

.0079 

Nozzle 

Area 

.  .0097 

.0063 

.0048 

19 

Nozzle 

Area 

.0058 

.0074 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.0054 

.0052 

18 

Nozzle 

Area 

.0054 

.0056 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.0050 

.0051 
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TABLE  IX  -  continued 


SECTION 


Station 

21 

45° 

60° 

IT 

0  1 

0 

o\l 

105° 

120° 

135° 

17 

Nozzle 

Area 

.0051 

.0037 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.004i 

.0065 

16 

Nozzle 

Area 

.0051 

.0032 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.0061 

15 

Nozzle 

Area 

.0044 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.0054 

14 

Nozzle 

Area 

.0038 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.0045 

13 

Nozzle 

Area 

.0033 

Nozzle 
■  Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.0043 

.  12 

Nozzle 

Area 

.0037 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.0050 

11 

il 

Nozzle 

Area 

.0(340 

.  Nozzle 
Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.0045 

10 

Nozzle 

Area 

.  .oo4o 

Nozzle 

Area 

.Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

,0043 

9 

Nozzle 

Area 

.0033 

,0066 

Nozzle 

Area 

Nozzle 

Area 

Nozzle 

Area 

.0049 

.0040 

8 

Nozzle 

Area 

.0028 

.0060 

..0044 

Nozzle 

Area 

Nozzle 

Area 

.0051 

.0050 

7 

Nozzle 

Area 

.0033 

.0054 

.0052 

.0032 

.0044 

,0044 

.0058 

6 

.__.0049 

.0039 

.0041 

.0044 

.0049 

.0030 

,0043 

.0054 

5  . 

.0019 

.0035 

.0042 

.0037 

.0032 

.0028 

.0040 

.005,3 

4 

.0023 

.0038 

.0039 

.0032 

.0026 

.0034 

.0044 

.0058 

3 

.0037 

.0048 

.0038 

.0032 

.0016 

.0049 

.0049 

.0066 
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TABLE  X 


THICKNESS  LOSS  RATE  vs  STATION  OP  V-44 
IN  SECOND  STAGE  POLARIS  A3  APT  CLOSURE 


Station  No.  90® 


0 

1 

.0022 

2 

.0023 

3 

.0066 

4 

.0047 

5 

.0067 

6 

Nozzle  Area 

7 

ft  II 

8 

ft  ft 

9 

It  It 

10 

It  It 

11 

tt  It 

12 

It  (! 

13 

t|  It 

14 

ft  It 

15 

“  Tl  II 

16 

11  It 

17 

tl  11 

18 

It  If 

19 

It  It 

20 

tl  II 

21 

tl  II 

22 

H  If 

23 

.0078  ■ 

24 

.0069 

25 

.0060 

26 

.0060 

27 

,0058 

28 

.0078 

29 

.0057 

30 

.6056 

31 

.0047 

32 

.0043  - 

33 

.0029 

34 

.0022 

35 

.0018 

Average  TLR  (Hilokness 

mi 

120® 

.0025 

.0025 

.0023 

.0024 

.0055 

.0064 

.0050 

.0062 

.0022 

.0088 

Nozzle  Area 

.0056 

fl 

It 

Nozzle  Area 

tl 

tl 

It 

tt 

tl 

II 

tt 

It 

II 

II 

It 

It 

If 

if 

II 

If 

tl 

It 

If 

tl 

II 

II 

tl 

II 

tl 

ft 

It' 

tt 

tl 

tt 

tt 

.0131 

tt 

It 

.0114 

"  "  .0095 
"  "  .0105 
.0059  .0089 
.0032  .0065 
.0010  .0043 
.0016  .0033 
.0011  .0029 
.0012  .OO28 
.0010  .0058 

.nniA  AAc/c 

.0020  .0039 
.0014  .0036 
.0020  .0032 
.0017  ,0027 
.0012  .0021 
.0013  .0014 


Loss  Rate)  .0059 


60® 

135° 

45'= 

.0025 

.0012 

.0012 

.0024 

.0012 

.00].2 

.0064 

.0066 

.0066 

.0043 

.0050 

.00l^2 

.0034 

.0087 

.0063 

.0056 

.0091 

.0050 

Nozzle 

Area 

.0099 

.0031 

II 

II 

.0061 

.0028 

tl 

II 

.0063 

.0035 

II 

II 

.0052 

.0052 

II 

.0057 

.0057 

If 

.0061 

.0051 

tl 

fl 

.0067 

.0079 

II 

1! 

.0078 

■  0093 

II 

.0076 

.0097 

II 

tl 

.0086 

•  .013.2 

It 

tl 

.0101 

.0110 

.0085 

.0108 

■  .012,3 

.0059 

.0113 

.0152 

.0060 

.0102 

.0.121 

.0038 

.0094 

.0107 

.0038 

.0068 

.0102 

.0045 

.0081  . 

.0098 

.0043 

.0085 

.0098 

.0033 

.011& 

.one 

-.0029 

.0125- 

.0125 

.0028 

.0127 

.0127 

.0058 

.0130 

.0130 

r>,r\tTiC 
•  'JWJW 

^  n  *1  -•» 

» vi«u  5 

•  Ol.l.  ^ 

.0039 

.0082 

.0082 

.0036 

.0082 

.0082 

.0032 

.0077 

.0077 

.0027 

.0039 

.0039 

.0021 

.0026 

.00.26 

.0014 

.0029 

.0029 
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TABLE  XI 


THICKNESS  LOSS  RATE  vs  STATION  OF  V-kk 
IN  FIRST  STAGE  POLARIS  A3  AFT  CLOSURE 

Section  Section 


Statloa 

Across  Nozzle 

Between  Nozzles 

Station 

Across  Nozzle 

Between  Noj;Kle 

1. 

.0078 

24. 

Nozzle  Area 

.027 

”  ijr  >-■ 

2. 

.008  ■ 

.007^ 

25.  ■ 

.021 

■  .0274 

3. 

.0093 

.0100 

26. 

..  .021 

.  .0224  ■■ 

.0116 

.0145 

27. 

.019 

.0191 

5.  . 

.0139 

.0173 

28.  ... 

.018 

.,  .0212 

6. 

Nozzle  Area 

.0176 

29. 

.019 

.0234  - 

7. 

.0169 

30. 

.018 

.030 

■■  8. 

__.Ol6l 

31. 

.020  ^ 

-.0297 

-•  -  j. 

If  If 

.0171 

32. 

..019 

.0312 

^  •  •• 

;  10. 

.0190 

..  33. 

.016 

.0266 

■ 

11. 

.0216 

3^» 

.0105  ■  ■ 

■  .01,84 

12. 

.0270 

35.  , 

.0103 

.0L92 

-fc. 

-Wf?-  . 

13. 

'  ,0263 

36. 

.0089 

,0064 

w.'- 

"v  '  . 

■Si. 

111-. 

.0259 

37. 

.0097 

.0106 

■-■m- 

-  - 

15. 

11  II'  - 

.0275 

38.  '■' 

.01-12:  _ 

■ 

If  If 

00 

rNrjDi 

Wl" 

ir:  _ 

17. 

.0325  , 

43. 

.oo‘; 

-  18. 

- -  " 

.0312 

--  44.- 

_ 

.0044  , 

19. 

11  II 

.0312 

46. 

---  -- 

.0037 

-r 

20. 

11  If 

.0306 

^7. 

.  0025 

iv 

21. 

11  II 

.0294 

22. 

11  If 

.0264 

23. 

If  11 

.0245 

Average  Thiclmess  Loss 

Rate  .0183 

NOTE; 

Distance  'between 

stations  -  one  Inch 

M  14.2  — 


TABLE  XII 


THICKNESS  LOSS  RATE  vs  STATION  OF  V-4L  IN  SECOND  STAGE 
MINUTEMAN  APT  CLOSURE,  ENGINE  44  FW-45  MOD  2  AND  MOD  2X 


TLR/ln./sec. 


Section 

Station 

Mod.  2 

Mod  2X 

Ttoxongh  0® 

15 

.000 

.006 

tl  ■ 

14 

.003 

.011 

tl 

13 

.008 

.015 

It 

12 

.017 

.022 

tt 

11 

.032 

.038 

It 

10 

Nozzle  port 

Nozzle  p 

It 

9 

it  II 

ri 

tl 

8 

H  II  . 

It 

tl 

'7 

ff  tl 

It 

(1 

6 

II  tl 

It 

It 

5 

tt  II 

tt 

If 

,•4 

.020 

.024 

It 

3 

.011 

.006 

tt 

’.;2'- 

-.008 

.007 

It 

1  . 

.009 

.007 

H 

0 

.013 

.007 

through  45® 

1 

.010  . 

.007 

If 

.2  , 

,008 

.007 

II 

.  3 

.007 

.  .006 

It 

4 

.008 

.004 

tl 

5 

.009 

.003 

II 

6 

“  .011 

.005 

ft 

7 

.013 

.008 

tt 

8 

.020 

.012 

t! 

9 

.033  -  - 

.018 

It 

10 

.042 

.037 

II 

U 

.o4o 

.o4o 

It 

12  ■ 

.043 

.045  • 

II 

13 

.047 

.047 

.  II 

l4 

.038 

.030 

If 

15 

.oi8 

.016 

Average 

0.019 

0.0178 
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EHYSICAL  AMD  MBCaUHCAL  ERQHEHTIES*  OP  TWTRRWAT.  IMSUIA2ICN 


o 

ri  ® 

is-t  o  H 

•H 
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H  « 

cvi  L;  ^ 

irk  .•■,  K 
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S  ^ 

^  si 
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m 

cn 
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H 

p4 

H 

H 

• 

H 
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TABLE  XIV 


PIASMA.TRON  TEST  DATA*  FOR 
EXTERNAL  INSULATION  MATERIAIS 


Argon 


Material 

Density 

(Ib/ft^) 

Stagnation 

Enthalpy 

(BTU/lh) 

Cold-wall 

Heat  Flux 
(BTU/ft2..sec) 

Brightness 

Tetaperature 

MaSB 

,RaJ;.e 

(ib/ft'^-sec) 

Avcoat  I 

70.0 

248 

7  . 

0.00015 

43Q 

33 

■  0.00182 

867 

78 

1930 

0.02330 

Dyne  1- Acrylic 

66.0 

248 

7 

0.00034 

438 

33 

1600 

0,00327 

867 

78 

.  1663 

O.Ol'TLO 

Thermolag  500 

92.5 

248 

7 

0.0002 

n 

438 

33 

l480 

0.0054 

867 

78 

.  1663-  - 

0,0110 

^erocoat  I 

69.2 

248 

7 

0.00048  ■ 

438 

33 

1940 

0,00357 ■ 

867 

78 

2020 

0.02820 

Dynatherm 

63.3 

248 

7 

0.00704  ■  ■ 

D-65 

438 

33 

0.01090 

867 

78 

1730 

0.01530 

DC-651 

76.6 

248 

7 

-  <1400 

0.000023 

438 

33 

<l400 

0.000054. 

867 

78 

1730 

-  0.00129  “ 

GlajuVii'Ui  r-1^  rlaBma'cron^  argon  gas 
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FHZSICAL  iUSD  HECHARICfU^  ISOFBRTISS  OF 


i*  FOR  HOZZIE 
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.00019 
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88 
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88 
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Effect  i3f  Iharmal  Conductivity  on  Ablation  Rate 
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FIQUnK  6 
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FIGURE  7 


THICKNESG  LOGS  RATE  (TLR)  AND  DENSITY  X  TLR 
OF  INSULATION  MATERIALS 


IN  THE  RITE  MOTOR 


7242-IV-62A ,  Qener.K  1 1 1 r- 
{V-52)  &  Rubber  Co 


M707,  Goodyear  Tire  & 
Rubber  Co, 


V-44,  General  Tire  & 
Rubber  Co. 

F33»  Narmco  IndUfstrias, 
Inc.- 


9001,  Aerojet-Coneral 

Corporation,  Aauss 


1126,  Nobell  Ronesrch 
labors  tor  ic'.i 


U.S.R,  3015,  United  State 
RubVier  Co,. 

SMR6>1I ,  Stoner  Rubber  ' 


Thleknesa  i.oae  Rate,  In. /see 
Thickness  Loss  Rate  X  Density 
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SHDIIIOMOO 


1  JSl 


5GO 

SURE ,  pslg 


DUR&TION,  sec 


FIGURE  10 


location  and  typical  views  of  cross  sectioned  areas 

AND  STATIONS  USED  IN  REPORTING  TIA  (THICKNESS  LOSS 
POiTE)  OF  INSULATION  MATERIALS  FOR  POLARIS  AND 
r^NUTEMAN  AFT  CLOSURES 


View  Looking  Forward 


typical  900  Section 


notmi  u 


STAaNAnON  Fom  URBAB  ABUnON  RATES  V  3AH>LEa 
mom  TO  HlOH  BBAT  FUU  (19S0  BTU/ft*-»09) 


Sample  N 


FIGURE  18 


I- 


snmmoK  fovn  unbar  abution  ratbs  op  aumxa 

EXPOSBJ  TO  LOW  HEAT  FUJI  (600  BTO/ft^-iro) 


Gampi.t?  Uo,  Y 


106  ■MMi 

ibsiBMIH 


Glaaa 


Phenolio-Refrastl  4 
Phenolto-RefrasLl  4 
Phenol lo-Quartz  5 
Phenollc-Quahta  5 
Phenollo-Refrasi  1  4 
Phenol io-Refraail^Uylon  4 
Phenolio-Refrasll  4 
Pheni/lsilane-Reffasll  4 
Phonollo-Refraa 11-Nylon  4 
Phanollo-Refrnall  4 
Phenollo-Clasa  Fiber  3 
Phenollo-Nylon  1 
Phenolio-Nylon  I 
PhenoUc-Asbestos-Nylon  2 
Phsnollc-Asbesbos  2 
Phenolio-AsbestoB  2 
Melamine-Nylon  1 
Phenollc-Blrohwood  '  1 
Sllloone-Aebeetos  2 
Pbenollc-Asbeetoe  2 
Melamine-Cotton  1 
Phenolle-Asbestoe  2 
'Polyethelene  1 


Stagnation  point  linear  ablation  rate,  10“^  In./sec. 


Hcference;  WADD  TR  60-101 
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fiGJUH;  13 


;..  ,-urago  TLR  (Thi-iknesa  Losa  Rate)  of  V-44  in  Oxyacetylene  Torch  Test,  Rite 
:  or,  '■Irst  and  Second  Stage  POI.ARIS  A3  Motors,  and  Second  Stags  Klnuteman  Motor 


Oxyacetylene  Toroh  Test 
(General  Tire  &  Rubber  Co,) 


RITE  Motor  A3 

Second  Stage  Condition  (1) 


RITE  Motor  A3 

First  Stage  Condition  (2) 


Second .Stage  POLARIS  A3 
Motor  #10  (3) 


Seeond  Stage  POLARIS  A3 
Motor  #17  (4) 


First  Stage  POLARIS.  A3  Motor  (5) 


MINDTEMAN  Second  Stage  Motor  (6) 


'^.0050  0.01  on  0.0150  0.0200 


U'’'iickn"S!'.  Rate)  In/eec. 

'.  '  fivnrnf'e  'f  TO  specimena  1.165  tube  diameter,  328  pslg,  80  see  duration. 
,  Artiriigc  dT  3  specimens  .P39  tube  diameter,  716  psig,  85  see  duration 
''I'lor  #1^1,  235,  pslg,  85  sec  duration, 

‘  ■  "o^.or  ,V17,  25'^  rsig,  68  .5c-c  duration. 

"otor  ,‘/35,  703  psig,  ’’4  sec  duration. 

.\  )  vjd  ?  -,r.d  ''od  2X.  Aa 
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Ablation: 


Ablating  Zone: 


Char  Layer: 


Rate  of  Ablation: 


Char  Rate : 


Rate  of  Erosion:  ^ 


Heat  of  Ablation: 


APPENDIX  "A" 

GLOSSARY  OF  TERMS 

A  surface  degradation  process  involving  decomposition 
and  detachment  of  material. 

The  ablating  zone  consists  generally  of  a  decomposing 
material  layer  and  a  protective  char  layer  through 
vhlch  the  decomposition  products  are  emitted. 

A  protective  laj^r  of  carbon  and  other  particles  that 
remains  as  an  integral  part  of  the  eroding  material. 
The  char  layer  may  vary  in  composition  relative  to 
the  surface  of  the  protective  layer.  . 

_ _  _ 

Rate  of  thickness  reduction  of  virgin,  (noh-d'agraded.) 
material. 

Rate  of  thickness  reduction  of  virgin  material 
(rate  of  ablation).  -  ■ 

Rate  of  thlctaess  reduction  of  charred  material. . 

Thezchjir_lByer-ls-includad_a9:  an  integral  part  of  tbs 
eroding  material. 

The  heat  energy  dissipated  through  the  thermochemi cal 
and  thermophysical  reactions  involved  in  the  ablation 


A  I 


process. 


Appendix  "A"  (Cont. ) 


Effective  Heat 
of  Ablation: 


Transpiration 
Cooling ; 


Internal  Insulation: 


Q  a  Qq  oA 

w* 

Where  Qq  -  Heat  input  Btu/ft^sec  as  measured  with  cold  wall 
water  calorimeter. 

P 

A  -  Test  specimen  area  -  ft 

w*~  Weight  loss  with  char  layer  included  «  Ib/se;' 

Reference:  RD-R161-211  Aerojet-General.  Corporation 
Structural  Material  Division,  ,A.2usa 

Mass  tranafff  cooling  between  the  impinging  particles  ■■ 

(of  propellant  exhaust  i  and  particles  from  the  decomposing 
layer  that  transpires  through  the  char  layer. 

The  Insulation  items  .generally  included  in  this  tens  f.-,re 
the  forward  and  aft  chamber  closures,  boots  .and  heads. 
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DESCRIPTION  OF  TEST  DEVICES 

I.  DESCRIPTION  OF  TEST  DEVICES 


The  following  pages  contain  a  description  of,  test  devices j  their  operating 
conditions,  and  test  procedures  used  by  various  organizations  for  the  evaluation 
of  materials.  Test  equipment  .included  in  this  report  are  as  follows  : 

Oxyacetylene  Torch  Test 
Oxy -kerosene  Torch  Test 
Gaseous  Test.  Motors 
Plasma  Jets 

Suhseale  Solid  Rocket  Test^Motors  . . . 

Equipment  and  organization  is  shown  in  Table  I. 


A .  Oxyacetylene  Torch  Test  Facilities 

1.  Atlantic  Research  Corporation;  . 

a.  AppartuS)  (see  Figure  1) 

Torch  Body  -  Alrco  Style  *  SOO 

Torch  Tip  -  Aircb  3tyle-8,  Nb-10,.,1/8"  Dia. 

Tip  Opening 

High  Flow  Mixer  -  Air  Reduction  Co* , 

No.  -811-0899 

.  "  Acetylene  and  Oxygen  Manifold  and  Tanks 

_  Two -Stage  Regulators  )..  .  ,  „  .  .  "  „ 

Flowmeters  ""  ■■  ^me-Dax-xiaing  angineenng 

Pressure  Gauges 

Torch  Carnage  -  Air  Cylinder  Actuated 

■ .  Air  Cylinder  -  5"  Strike  Double  Action  with 

Manual  and  Four -Way  Solenoid  Control, 

A.  Schroder's  Son  Company 
Micrometer  Screw  &  Locks  for  Torch  Positioning 
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Sample  Holder  A.ssembly 

Photocell  and  Thermocouple 

Rapid-Response  Chart  Reoorderj  Varian 
Associates,  Inc. 

Timing  Clock,  100th  of  a  Second 

Iron-Constantan  Thermocouples  (24  Gauge) 

Soldered  to  1"  Dla.,  .009"  Thick  ^ 

Metal  Discs 

Enclosed  Teat  Chamber  with  High  Speed 
Exhaust  System 

b.  Test  Procedure 

Specimen  thickness  and  Weight  are  measured  before  the  test,  ■ 
The  specimen  is  placed  on  top  of  the  metal  disc  of  the  thermocouple  assembly  Ir. 
the  specimen  holder.  Between  the  metal  disc  and  sample  is  a  thin  eonta^.t  film. ' 
of  cond.uetlve  oil.  A  cover  plate  is  placed  over  the  sample  holder.  The  themo- 
oouple—Connectlons,  Jack  and  plug  type,  are  made.  .. 

The  torch  tip.  Is  adjusted  to  1.00  Inch  distant  from  spe:im£:<.. 
surface  with  micrometer  screw.  The  torch  is  retracted  to  a  standby  position. 

The  torch  is  Ignited  and  adjusted  to  a  preset  acetylcre 

to  oxygen  ratio. 

The  torch  is  manually  actuated  to  the  test  position. 

The  timer  and  recorder  are  turned  on  when  the  toJ'Ch  li  tho 
test  position  contacts  a  raocroswltch.  The  test  is  continued  until  the  specimen 
is  burned  through.  At  the  instant  of  bumthrough  the  photocell  actiiates  a 
air  cylinder,  retracting  the  torehL,  stopping  the  timer  and  temperature  recorder, 
This  completes  the  test.  — ’  - 

e.-  Teat~  conaitions 

„  Specimen  Size  2';50"x2"x2"  or  2,250"  dla. 

Torch  Distance  l.CX)  inch 

Angle  of  Impingement  90* 

Oxygen/Acetylene  Ratio  2.50 
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Total  Gas  Flow  300  cu.  ft/hr. 

Flame  Temperature  5^00*F 

Flame  Condition  Highly  oxidizing 

Duration  of  Test  Specimen  burnthrough 

d.  Calculations 

Initial  and  final  weight  ratio. 

-  Initial  thickness  (inch) 

Specific  gravity 

Total  ei^osure  time  -IE.  time  to  burn- 

through 

,The  temperature  of  the  unexposed  side  of  the  sample 
during  the_total  exposure  time.  (®F) 

Erosion  Index;  mlls/sec,  Ig  =  t^  +  E  bt  ' 

Insulation  Index:  Ii  o  E  (400*F)  +  tr, 

Weight  Ratio:  WR  =.  W^.  + 

e .  Where., 

tg  a  Original  thickness,  inch 

E  (400)  a  Time  of  exposure  for  thermocouple 
to  reach  400*F,  sec. 

Ebt  a  Time  of  exposure  for  specimen  burnthrough 
Wj.  a  Final  weight. 

Wg  =  Original  Weight. 
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2.  Naval  Ordnance  Laboratory 

a.  AppartuS)  (see  Figure  2) 

Torch  Tip,  .  Victor  No.  7 

Water  cooled  specimen  holder  assembly. 

Specimen  positioning  control  mechanism. 

Remote  controlled  solenoid  actuated  torch  mount. 

Fume  removal  system. 

Instmjmentation  panel. 

Control  panel 

Thermocouple,  Chromal  Alumal. 

Oxygen  and  acetylene  tanks  and  mixing  manifold. 

Pressure  gauges,  flov  meters  und  regulators. 

Chart  recorder. 

Timing  clock. 

h.  Test  Procedures" 

i; 

Insulation  test  specimen  thickness  and  'weight  are  measured 
before  each  test.  ‘ 

The  specimen  is  secured  to  the  vatei*ed  cooled  spncimf-r  ■ 
holder  and  thermocouple  connections  are  made. 

The  test  specimen  is  positioned  .750"  from,  the  torch  tip 
with  the  positioning  control  mechanism..  The  torch  is  then  retracted  to  a 
standby  position  by  a  pivot  assembly. 

,  The  torch  is  then  ignited  and  adjusted  to  a  present 
oxygen/acetylsne  ratio. 

The  torch  is  actuated  to  the  test  position  which  atart.s 
the  timer  and  recorder. by  means  of  a  microswitch.  ^  ■ 

Visual  and  optical  pyrometer  observations  are  made  durir.g' 
testing  luad  any ^uiiusimir  effects  noted. 

The  test  is  continued  until  the  spiecimen  is  burned  throcgl;. 
At  the  Instant  of  bumthrough  bhe  solenoid  retracts  the  torch  to  standby 
position,  stopping  the  timer  and  temperature  recorder.  This  completes  the.  t-el. 
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c.  Test  Conditions 

Specimen  Size^  .250"  x  2"  x  2" 

Torch  Distance,  .750" 

Angle  of  Impingement,  90® 

Oxygen-Acetylene  Ratio,  1.28 

Gas  Plow  Rate,  253  scfh 

Flame  Temperature,  55^0*P 

Flame  Condition,  Oxidizing 

Duration  of  Test,  Specimen  burnthi'ough.. 

-  --  d.  Calculations  . 

Original  thiclcness,  mils 

.  Exposure  time  for  specimen  back  temperature  to  reach 

392»P  (200®C). 

Total  exposure  time  for  specimen  bumthrough,  sec. 

Index  of  Performance,  392®F  +  E  (392*F)  x  ER 
Erosion  Rate,  rails/sec,  Pq  +  E-^t 
e.  Where 

tg  m  Original  thickness,  mils. 

E  (392*P)  a  Exposure  time  for  specimen  back  teraperature 

to  reach  392®P^  sec. 

E^j^  a  Total  exposure  time  for  specimen  burnthrou^,  sec 
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Index  of  Performance  (IP)  is  defined  as  the  thci 

erosion  rate  (i.e.,  original  specimen  thickness  divided  by. the  burnthrough 
time)  and  the  average  temperature  gradient  between  room  temperature  and  •duu'-C 
obtained  on  the  cool  face  of  the  specimen  (l,e.  ^  200®C  divided  by  the  time 
required  to  reach  200*C).  Thus,  the  I.P.  is  a  composite  measure  of  the  specimen. 
A  Low  IP  is  obviously  desirable  and  the  materials  are  ranked  by  this  eriterlor.. 


Erosion  Rate  (ER)  original  specimen  thickness  divided  by  the 

•burnthrough  time. 


Temperature'  Indicator  -  Templlao  paint 
directly  on  sample  back. 

b,  Test  Conditions 

Specimen  Size  .375  ^  3"  x  3" 

Torch  -Distance  .500" 

Angle  of  Impingement  90® 

Acetylene,  Oxygen  Ratio’  O.87 
Gas  Plow  Rate  53  scfh 

Flame  Temperature  5110® F 

Reducing 
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Flame  Condition 
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c.  Calculations 
Original  thickness,  in. 

Expoaui^  time  for  specimen  .back  temperature  to  reach 
200*F,  sac. 

Total  exposure  time  luj.-  opcwhucii  burnthrough,  ccc. 

Char  depth,  in.  (t^  -  t^)  +  2 
or  .  ■ 

Erosion  depth,  in  (t^  -  t^)  +  2  _ 

d.  Where 

a  Original  thickness,  in. 

ty  a  Virgin  layer  thickness,  in. 

tf  a  Pinal  thickness,  in.  — 

E  (200*P)  a  Exposure  time  for  specimen  back  temperature 
_  to  200*P,  sec. 

a  Total  exposure  time  for  specimen  burnthrough,  ^sec 
U.  S.-  Rubber  Corporation 


Apparatus 

Torch  Body  ' 

Alrco,  Style  800 

Torch  Tip 

No.  10 

High  Plov  Mixer 

Air  Reduction  Co. 

No.  811-0899 

Torch  Adapter 

Air  Reduction  Co. 

No.  811-0390 

Thermocouple 

Iron-Constanten 

Recorder 

L&N  Recording 

Potentiometer 

The  torch  tip  is 

equipped  with  a  water  cooled  jacket. 
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Tlie  acetylene  tanks  are  tapped  through  a  r'anlfoli  t-' 
regulators,  the  first  a  two  atage^  and  the  second  a  single  stage. 

The-  gas  flows  are  measured  with  Brooke  rotometers  and  pa?:s;;d 
through  oheok'  valves  and  a  gtiick  shut-off  valve  before  the  torch  to  prever  t 
accidental  back  flow- from  the  torch. 

b.  Conditions 

Specimen  Size  _  .250''x2"x2" 

Torch  to  Specimen  Distance,  1.0" 

Angle  of  Impingement,  90* 

Total  Gas  Plow,  300  scfh 

Qxygen/Acetylene  Ratio,  1.17 

■  Flame  Temperature,  "  5^50“^* 

.  .  ■  Flame  ' Condrti'oHT^'”  Slightly  oxidizing ' 

Duration  of  Test,  Buiuthrough  or  1*-0C°P  ■ 

■  ---  .  back  temperature ..%  ■ 

c.  Calculations  .  - 

II  >  •  •  ■ 

Insulation  Index,  Bec/ln,  I^  -  E  (400P)  + 

.  Jrosioft  Index'7"fflils/sec  Ig  -  t^  +  Eij^, 


E  (406®P)  a  Bxposiire  time  for  back  surface 
temperature  to  reach  400*P_ 

E-jj^  a  Exposure  time  for  specimen  to 

bumthrough,  sec. 

t^  a  Original  thickness  of  specimen,  inch. 
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Aero jfeo -General  Corporation  " 

ai  ..Apparatus,  (aee  Flgvtfe  3) 

Torch  Tip  Airco  No.  7 

Oscillating  torch  holder  assembly 
.Specimen  holder  assembly 

Springloaded. thermocouple  assembly.  .....  . 

Electric  motor,  1/4  horsepover 

:  Oscillating  drive  mechanism —  - "■  - 

Time.r 

Temperature  recorder  and  Potentiometer 
-Amplifier. 

Start-Stop  and  Mlcro-Svjitches 

Thermos  bottle  .  .  ; 

Pressure  gauges  and  regulators  J  .  _  - 

Portable  console  unit 

b.  Teat  'Procedures 

Sample  thickness  and  weight  are  measured  before  each  teat. 

The  test  specimen  is  inserted  in  the  specimen  holder- asserabl 
and  thermocouple  connections  made. 

The  torch  tip  is  adjusted  pei^endici^ar. to  the  specimen  „ 
surface  and  then  retracted- tc-standby-coilditibn. 

The  torch  is  ignited  and  adjusted  to  the  desired  conditions 
then  manually  actuated  to  the  test  position  af ter-the  maatex 
switch  is  turned  on.^  . .  ’ . . -■ 

Hie  oscillating  mechanism  and  timer  are -turned  on- by  a  - 
mioroswitch  when  the  torch  is  actuated  to  the  test  position. 

The  test  is  continued  for  30;  6p  or  90  seconds  or  when  the 
back  surface  temperature  reaches  400®P.  , 

y.  Test  Conditions  - - 

Spocimcn  Size,  .250"x2"x2'' 

Torch  Distance,  1.0" 


30*  to  150* 

(total  arc  angle  of  120*) 


Angle  of  Impingement, 


AFI^n  6 


Cycles  per  miaute,  10  cpm  (may  be  varied) 

Oxygea/Acetylene  Ratio,  l.ltol.O" 

Gas  Flow  Rate,  .  71  cu. ft. /hr 

Flame  Temperature,  ’■  Jffj'O-'P 

Flame  Condltioi^,  Slightly  reducing 

Miration  of  Test  30,60,90  seconds  or 

when  back  temperature^ 
reaches  400*P. 


di  Calchlatlona-  -  ■.  .. 

Total  weight  loss,  lbs.  W  «  -  Wf 

Total  tein:^rature  rise,  ‘P,  T  a  T -  -  T 

i  d 

Degraded..layer  thickness;  in.  “t  r.  (ty  -t-  -  t^ 

Char-thickness,- thah  i '  (tv  +  %)’- t^^^  ^  ' 

Material  loss  rate,  MLR  =  (t-  -  O  <f  E 
Inehes/ceconds  -  —  - 


e.  ■ Whe  re  ’ 

:  Wq  s  Original  wel^t,  lbs. 


Wf  =^lnal  weight,^  lbs. 


Tial  T>ootAO^/^i»  4* Ota 


Tj  ■  Final  backside  temperature,  ®F  _ 
E  B  Eh^josure  time  total  seconds 
tg  ■  Original  thickness,  inch 
ty.  ■  Virgin  layer  thickness,  inch 
t(i  a  Degraded  layer  thickness,  Inch 
tf  =  Pinal  thlclaiese.  Inch 
tg  a  Char  thickness,  inch 


B  10 


■  APPENDIX  B 

B.  Oxyj^en  -  Keroaene  Torch  Test 

!•,  ,  Bendlx  Aviation  Corporation 
■  '  a.,  '^  Description 

Theoxygen-kerosenetoi’ch-tostlsusedforinitialscreeninri 
of  hi gh  temperature  insulating  materials,  prior  to  sutscale  and  full  ncale  motor 
testing.  !Ehis  test  device  consists  of  an  oxygen-kerosene  torch  operated  at 
supersonic  gas.  veloeitles. 

iJ.  ■  Test  Conditions 

■  ■  .  .  Torch  Nozzle  Diameter  .500"  . 

•  ‘  ••  ••  u 

Torch  Distance  2"  ' " 

•1  -  - 

:  Angle  of 'Impingement - 6O- — ,  - --■ — , - ^ 

Flame '  Temperature  1+500®P 

’  ■  Mach  "Velocity  1.8'  '  ’ 

^  Duration  of  Test  "  Specimen  burnthrough  ' 

c,  Caloulatlons 

--  ■■  -  Original  thlokness,  inch  dj  /  j|  V-— ’ 

1 . . _  — ...  t  ^  ■  S  —  .s..  _ _  ......  .  j;- 

I  TTimi  ^thiPKnaSs ,  “inch  '•  t  •  '  t.  . 

. .  -  j,  ^  ..J 

. _ JxppS-ure  .tljnie,._s.Qaonds  13  ■  .  , 

^  .  -  Ablation  rate,  inches/eeoond  AR  a  t^^  t  Eb.^  ■ 
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C.  Plasma  Test  Devices 

1.  Atlantic  Research  Corporation 
a.  Plasma  Jet 

(1)  Description 

Atlantic  Research  Is  currently  experimenting  with 
a  plasma  Jet  to  develop  a  screening  test  more  closely  simulating  rocket  cond.lt:'.  oke 

A  spray  nozzle  and  powder  hopper  are  used  to  introduce 
solid  particles  into  the  flame'  to  simulate  the  condensed  phases  present  in  some  - 
solid  propellant  rocket  comhustion  products.  A  mixing  nozzle  is  used  to  blend 
reactive  gases  into  the  plasma  past  the  arc  so  that  reactive  plasma  oompoaitions 
may  be  obtained  without,  electrode  corrosion  and  contamination.  An  expansion  . 
flame  exposure  at  reduced  flow  velocities,  is  used  to  simulate  roc.ket^high .  . . 
temperatures  with  low  erosion.  ... 


(2)  Apparatus  , .  :  !  - .  .. 

.^Plasma' Torch,  Model  R  l-8d  KW 
■  ■  ■-  -':'^'^(Therml~DyhMiieB-  Gorporatlcsi)  •  -  --  ■  - 

Control  console  for  regulation  of 
multiple  gas  flow  and' electric 
power  input. 

Two  40  KW  reotlfier-tjTpe  D.C,'  ; 
power  supply  tmlts". 

(3  )  Condltlona - -  -  "  '  . . 

The  plasma  torch  is  operated  with 
nltrogem,  argon,  or  helium  gas  at 
any  mixture  of  these  gases. 

Power  input  with  diatomic  gases  to 
the  are,  4o  -  80. 

Enthalpy  level  with  diatomic  or 
noble  gases,  BTU/lb,  12-16,000. 
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2.  Aer6.1et-(icneral  Corporation 
&.  Plasma  Jet 

(^■)  Deecrlptlon,  (see  Figure  4) 

The  plasma  jet  is  an  hrc-gas  device  capable  of  heating 
gases  to  extremely  high  temperatures.  No  combustion  is  involved.  .An  eleotr-Le 
arc  is  contained  within  a  water  cooled  tube  through  vhich  gas  is  blo’-vn.  The 
gas  issues  f,pom  the  plasma  jet  and  resembles  an  open  welding  flame.  Since  no 
combustion  is  involved,  the  gas  temperatures  are  not  limited  by  internal  heats 
of  reaction.  -  By  continually  adding^electrical  energy,  gas  temperatures  in  the 
range  of  39jOOO*P  with  some  gases  can  be  achieved,  while  hydrocarbon  oxygen 
flame  temperatures  are  limited  to  approximately  5660*F. 

,  .  The  Unit  used  by  AQC  is  a  Qas  Sheath  Stabilized 

’  Plasma  Jet^-manufactured-by  the  Thermal- Dynamics  Gorporatlon^  as  "shown  in 
Figure  1+.  The  are  .Path  is  between- the  solid  tungsten 'cathode  ana  the  ■iioiio'v' 
water  cooled  oopper  an.Qde4  ;;.531i3.  unit  operates  oh.both  ftpnatomlc  and  diatomic 
gases,  me  arc  remains  within  the  nozzle  and  is  prevented  from  prematurely 

■  striking  the  wall  by  a  sheath  of  gas  which  Is-much -thicker  than  the  arc - 

-diameter-f  The--arc -ts  -al-lowad  to  strike -  th-rdiugh  this  gas  Sheath^  only  -af-ter  • 
passing  considerable  distance  do^jn  the  nozzle.  Vortex  flow  is. not  generally 
used  and  are  positioning  is  accomplished' through  gas  flow  pattem'and  con¬ 
trol  of  turbulence.  ,/ 

K 

(2)  Condltlori  .  1_.  _ 

Power  Inpnt,  KW  . 8o 

Gas  Temp.,  *P  39>0OO  . 

Maximum  Enthalpy, 

BTU/lb 


Gas  Flow. 

Iba/see  Ng 

Test  Section  0.63" 

@  Mach  B  4 
(5  mm  pressure) 


12-16,000 

0.0042 
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Test  Section 
®  Mach  B  1 
(5  mm  pressure) 


1.75 
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b.  Plaamatron,  (flee  Figure  g) 

(l)  Deecrlptlon 

The ■ plaamatron  has  recently  been. adapted  for  ablation 
testing  of  materials  in  alumina-containing  subsonic  plasmas.  It  has  been  found- 
that  alumina-containing  plasmas  adequately  simulate  internal  rocket  motor 
environments.  Therefore,  they  are  able  to  "provide  a  qualitative  test  for 
aatarlals. 

The  plasma  Jet  has  been  calibrated  over  a  wide  range, 
of  heat  fluxes  with  the. enthalpy  range  designed  to  be  as  high  as  possible  and 
still  maintain  the  alumina  particles  in  the  liquid  phase.  . 

.  -  . . .  - . ■^■•■-In  order  to  prevent  the  buildup  of  h'pfcitective  alumina 

coating  OH'ths  ablating  bodies the  specimens  are.lhsertsd  into  an  area  of  the 
plasma  before  thermal  equlllbrii^  between-:the -argon  : and  alumina  occurs.  This  ' 
allows  the  pl^n^  to  pass  off  any,  deposli^d  alumina  a?  a  gas,.  ^ 

(2.)  Gonditioha--'"  - . 7-  ^ 

-  7  ■■77";;'  r:  '  Stagnation  enthalpy ,.:,..13gQr^0  Btu/lb 

Free -stream  temperature,  735Q  «•  9^70*K 

Stagnation  pressure,  1.0  -  1.5  atm. 

-  .  Heat  flux  to.A  id66^*P  _  ■  ^  .  . . . . 

■  -  .  '  wall  .  .7^15-1^5  Btu/ft?8ec 


Alumiaiwi.  content,  .7i,„21,] 


Mass  f lOT  rate > 


Usual -working. madiiffl,:  Argon- 7  .  .  .  r. : 

Hyperthermal  Environmental '■Simulator,  HES,  (see  Figure  6  ^ 


.  (1)  Description 

The  Hyperthermal  Environmental  Simulator,  HES,  is  a 
device  that  will  simulate  the  Internal  environment  of  a  solid  rocket  motor  for 
the  purpose  -of  deteimlning  the  heat  transfer  emd  ablation  characteristics  of 
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candidate  insulation  materials.  The  HES  shown  in  Figure  6  will  handle  six 
gases:  C62,  CO,  Hg'  Al20o  particles  simultaneously  ar.l 

portlonal  to  the  desired  theoretical  propellant  gas  composition.  The  gases  are 
brought  up  to  the  desired  enthalpy  level  by  a  gas  stabilized  arc  plasma,  generator 

(2)  Conditions 

The  HES  operational  limits  are  as  follows  and  are  based 

56i^0^6040®F 
100-800  ft/sec 
0.15  Ib/sec 
8000  Btu/lb 
4000  Btu/lb 

1330  BTU/lb  .  - 

Stagnation  Pressure  3OO-5OO  Ib/ln^ 

Test  Specimen  Size  .750  in.  diameter 

Angle  of  Impingement 


on  the  available  power  supply  of  1.0  megawatt: 
Stream  Temperature, 

Oas  Velocity, 

Oas  Plow, 

. .  Stagnation  Enthalpy  ®  O.05  ib/sec. 

. Stagnation  Enthalpy  (S  0.10  Ib/sec. 

Stagnation  Enthalpy  @0.30  Ib/sec. 
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D.  Propane  -  Air  Qaa  Motor 

1.  Atlantic  Reeearoh  Corporation 
a.  Description,  (see  Figure  7) 

The  profane  air  gas  motor,  PAQ,  test  facility  has  teen  used 
principally  for  studying  effects  of  operational  conditions  upon  insulation  and 
nozzle  performance.  .  This  facility  could  provide  a  screening  technlq^iie  which 
simulates  roolcet  motor  conditions  and  configurations.  Ihe  test  includes  extensi 
temperature  measuring  instrumentation. 

Insulation  specimens  In  the  form  of  a  sleeve  'are^inserted 
in  the  motor  aft  of  the  combustion  chamber. 


Nozzle  materials  are  tested  by  using  a  throat  insert  fitted 
on  the  aft  end  of  the  motor.  __  i  _ 


b.  Apparatus 


Air  compressors 

^pane  gas  supply -in -pressure  tanks 
Qxygen-hydrogen  gas  supply  for  pilot  flame 
Piping  . 

Mixing  valve 
Control  valves 
Thermometers 
Pressure  gauges 
Manometers  . 

■Flowmeters 

Dessicators^ ;  -  - 

Water_supply  for  water  jacket  cooling 
Settling  -  Chamber  .  :  _ . 

Fali'-ou  orii'iue  nozzle  ^ 

Vertlcle  fXnv  test  chamber  1  l/2  inch 
Cone  type  flaa^ stabilizer 
High  -voltage  ignition  spark  equipment  for 
pilot  light 
Vent  stock 
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Cylindrical  water  cooled  chamber  for 

insulation  test  tubes  4"  x  1-1/2"  ID 

Water  cooled  chamber  for  nozzle  Inserts  2-3/lj-" 
long  with  3/^"  throat 

Special  mlnature  high  temperature  thermocouples 
for  test  specimens.. 

Timers  and  12  channel  visicorder  recorders 
c.  Test  Conditions 

test  conditions  for  each  specimen  are  selected  within _ 

the  ranges  .of  the  following  parameters: 

Temperature 

Propane  gas  -  air  mixture  flame  temperatvire_ to  25QO*K(4o4o®F). 


.  Fuel  Air  Mixture 

This  can  be  manipulated  through  a  limited  stable  range  from 

rich  to  lean. 

Mass  Plow 

Mass  "flow  rate  of  gas  is .variable  up  to  1.0  Ib/sec  .at  pressure 
up  to  100  pel.'  The  approach  velocity  is  variable  up  to  400  ft/sec,  sonic  or 
3000  ft/sec  if  a  nozzle  is  used.  _  i  .  .  .  .  .  : 

Time  .  ’ 

The  duration  of  test  is  controllable  and  may  extend  to 
any  desired  period.  Experience  test  range  extends  from  60  secohds-to-lO  minutesT 

Turbulance 

The  degree  of  turbulance  in  the  flame  can  be  changed  by  _ 
inserting  screens  of  varying  mesh  in  the  approach  channel  of  the  test  chamber. 

Abrasive  Particles 


Solid  or  molten  particles  can  be  injected  into  the  flame; 
the  relative  concentration  of  the  particles  is  controllable. 
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d.  .  Flow  CharacterlBtlCB  at  Half  Capacity  are  as  follcy,?.; 


Nozzle  diameter 

.750  inch 

Test  Chamter  Diameter 

1-1/2  inches 

^tesa  Flow  Rate  (l/2  capacity) 

0.50"  Ib/ft 

Pressure  (absolute) 

71.3  psi 

Approach  Velocity,  VtJ 

60  ft/sec 

Hot  Gas  Velocity,  Vb 

520  ft/sec 

Density  of  gas  In  tube,  cold  • 

0.356  lb/ft3 

-(G)  in  tube  W/a 

4l  Ib/sec-ft' 

Calculations 

Conditions  of  gaseous  flow. 

Air  -  Fuel  Ratio,  Og 

G$s  Ten^ratiire,  *P  ■' - 

\  Mass  Plow  Rate,,  It/seo, 

Pretsure,  psia  . 

Temperature  as  a  fumction  of  time  at  two  or  tliree  depthi 

in  all  specimens. 

Conditions  of  cooling  water  flow. 

Inlet  temperature  as  a  function,  of  time. 

.  Outlet  temperature  as  a  function  of  time. 

Continuous  flow  rate. 

Duration  of  test,  seconds. 
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Observations  of  t-ested  spe.iajens: 

Original  weight,  lbs,  = 

Final  wel^t,  lbs  =  W^. 

Weight  loss,  ia  / 

/ 

/ 

Original  thickness,  inch,  =  t^' 

Final  thickness,  inch  »  / 

Char  thickness,  inch  h  tj, ' 

Virgin  material  thickness,  inch  a  t,^. 

Nature  of  surfaces 
f Analysis  of  Results 

The  structural  properties  of  the  insulat;.on  specimen  are 
detemlned  from  measurement  of  thickness,  weight-change,  and  ^em  visual 
ovservatlbn. 


The  rate  of  heat  transfer  within  and  out  of  the  insulation, 
is  determined  from  the  temperature  records.  Combined  with  the  values  of  gas 
flow,  this  data-  furnished  relationship  for  mass  and  heat  exchange  between  the 
hot  gases  and  the  insulation  spaoiraen. 

'  It  is  possible  to  observe  the  temperature  and  time  that 
the  various  phase  and  material  changes  take  place  in  the  materials  by  Studying 
the  shape  of  the’ time -temperatwe  curves.  This  permits  an  empirical  correlation 
of  the  erosion  and  ablation  heat  transfer  as  functions  of  the  flow  parameters, 
and  properties  of  the  materials. 

Generalized  oxidant  fraction  (Og)  is  the  ratio  of  the  iaa.ss 
of  air  to  mass  of  fuel  divided  by  the  sum  of. the  ratio  of  mass  of  air  to  mass 
of  fuel  plus  the  ratio  of  mass  of  air  to  mass  of  fuel  at  stoichiometric.  For 
all  air  Og-0,  for  all  fuel  Og-1.0  and  at  stoiohlometrlc  Og  -  0.5- 

Og  -  (alr/fuel) _ 

air/fuel  +  (alr/fuel )  stoichiometric 
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B.  Hydrogen~Oxygen  Teat  Motors 
1.  Naval  Ordnance!  Lalioratory 
a.  Description 

2Sie  hydrogen  oxygen  test  motor  facility  I's  an  intermediate 
test  device  used  principally  for  studying  effects  of  operational  condltldhe  upon 
throat  insert  materials  prior  to  solid  rocket  motor  firings . 

h.  Test  Conditions  _ 

Firing  conditions  are  controlled  by  vai^ylng  the  throat  insert 
dimensions  as  follows!  ■ 


.  Nozsle  Configurations 

A  \ 

B 

■’  c 

Nozzle  Throat  Diameter,  inches 

.350 

^.350 

Nozzle  Length,  inches 

1.278 

1.578  - 

2.^3 

Nozzle  Exit  Diameter,  inches 

■  .SI2 

.759  : 

1.000 

Chamber  Pressure,  psia 

200 

'397 

588 

Total  Mass  Flow  Bate,  Ib/sec 

'  .095 

..197 

.280 

Exit  Mach  No. _ 

2i2 

3.5; 

3.0 

Stoichiometric  Mixture 

0g/H2«  8,0  (weight  ratio) 

3172*0 

6200*R 

.3216*0' 

6280*R 

3233*c 
,  6310 ‘R 

0.  Calculations 

Throat  diameter  increase  aftei,  firing,  mils. 

Time  from  design  chamber  pressure  to  200  pslg,  seconds. 
Erosion  resistance,  mlls/see. 
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2.  Avco  Manufacturing  Company 

a.  PeBcrlEtlon 

The  hydrogen>oxygen  motor  was  desired  to  evaluate  materials 
to  te  used  for  fabrication  of  rocket  nozzles,  '^e  facility  Is  used  to  perform 
preliminary  material  evaluation. 

The  engine  consists  of  three  separate  units: 

An  injector 

Combustion  chamber  ^  ^  ■ 

Ikhaust  nozzle.  ’ 

Each  unit  is  water  cooled.  Depending  on  the  test  to  be 
perfomed,  any  unit  can  be  replaced  readily  by  one  that  is  solld-uncooled  such 
as  found  on  solid-propellant  rocket  systems.  The  fuel  is  gaseous  hydrogen 
and  the  oxidizer  Is  gaseous  oxygen. 

One  special  feature  of,, the  facility  Is  that  foreign  powders ^ 
liquids,  or  gases  can  be  Introduced  ■!( at  theiinjeotor  plate).  Into  the  main  stream 
of  gas  to  simulate  particle  Impingement^  chemical  and  other  effects. 

''  Rocket  nozzle  material  evaluation  consists  of  exposing  the 
Inner  diameter  of  blast  tube  or  rocket  nozzles  to  exhaust  gases  of  the  motor 
.and  comparing  the  performance  of  the  various  materials*  . 

b.  Teat  Conditions 

Dimension- and  performance  of  hydrogen-oxygen  rocket  test  “ 
.mCtor.  ...  li  . 


e . 

Dimensions 

Combustion  Chamber  diameter^  Inches 

4(.0 

Throat  diameter,  inches  — 

L.70 

Exit  diameter,  inches 

2.13 
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i.  Performance 

Exit  Velocity,  ft/sec  9000 

Nozzle  Exit  Macti  Ho.  1.8 

Thrust,  Ihs  1S2 

Specific  Impulse,  lb  force/lb,  256 

mass,  sec. 

Me^bs  Flow  Rate,  Ib/sec  ,  .685 

Stagnation  Temperature ,  *P  5000® 

■  Mixture  Ratio,  E2:02  ^:1 

Heat  Flux,  Btu/ft®  ■  '  400  to  !^50 

■  '  .  (for  wall- 

temperature 

/  „  •  range  of 

^ . . .100.150  ;!.6oo®f) 

e.  General 

Chamber  pressure  from  1  to  20  atmospheres. 
.^■'Adiabatic  flame  temperature  from  38OO  to  5800®F 
Throat  diameter  from  O.70O  to  3.0  Inches 
_ Combustion -chamber  dianeter  from  3.5  to  4.0  inches 

f  .  UmU'teB  I 


f.  Calculations 

Original  throat  diameter,  inchest 
Final  throat  diameter,  inches. 

Time  at  fioll  pressure,  seconds. 

Chamber  pressure,  operating  and  final,  psia. 
Surface  temperature,  ®F. 

Effective  heat  of  ablation,  BTU/lb, 

Ablation  rate,  inches/seo. 
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3*  Aerojet-General  Corporation,  Azusa  .  . 

a.  Deacrlytlon  ■ 

The  structural  plastics  ablative  rocket,  SPAR,  test  motor 
la  a  gasei'ous  hydrogen-oxygen  motor  for  evaluation  of  materials  under  rocket 
nozzle  conditidnSt'  Sonic  orifices  located  upstream  in  the  propellant  lines 
provide  a  constant  propellant  flow  rate  into  the  combustion  chamber  over  a 
wide  range  of  chamber  pressures.  The  flame  temperature  la  controlled  by  the. 
fuel  mixture  ratio.  Initial  chamber  pressure  is  controlled  by  propellant  fl-ow 
rate.  Ignition  is  accomplished  by  a  spark  wire  Inserted  on  the  teat  nozzle. 

Instrumentation  provides  a  continuous  record  of  nozzle, 
throat  erosion  rate,  as  well  as  the  motor  performance  parameters  that  influence 
nozzle  environmental  conditions.  Chemical'  attack  on  test  materials,  may  be 
studied  by  the  introduction  of  contaminants.  '  ..  . 

The  SPAR  motor,  however,  does  not  reproduce  the  actiaal 
environment  of  a  specific  motor. 

b.  Conditions 

.. .  ,  Chamber  Pressure ,^Up  to  800  psi,  500  psla  with  .,500", 

y  _ .. _ dia.,  throat:.  1.“'  . 

Flame  Temperature,  6l00*P 
'  Duration,  Up  to  200  seconds 

-  ■  ■ .  Test  Specimens,  Nozzle  throat  insert,  usually 

r  '  “  -  J  -  1/2"  dla.  throat 

Thrust  Approximate,  130  lbs.  using  a  .500"  dla.  i  .  ' 

throat  - 

-  -  Much'No.  1.0  at  the  throat 
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F.  Oxygen-Acetylene  Motor 

...  '  ■  '  I  •/ 

1.  Aerojet -QeneraL  Cbrporatlon,  Azusa 

a.  ,  Deaerlptlon,  (aee  Figure  8)  ! 

Hie  RIME,  Rocket  Insulation  Material  Evaluation  facility  is 
liaslcalljr  a  gaseous  fuel  rocket  motor  assigned  primarily  for  the  thermo-phyeioal 
evaluation  of  materials  in  a  high  temperature,  high  heat  flux,  moderate  velocity 
anYlroBment.  Acetylene  and  gaseous  oxygen  are  comhusted  in  an  enclosed  flame 
head.  Provisions  are  made  for  aspiration  of  metallic’or  other  particles  into 
the  flame  to  simulate  the  flame  composition  resulting  from  the  comhustion  of 
.solid  propellants. 

b.  Apparatus 
Control  Devices 

Oxygen  and  acetylene  pressure  regulators 

Mixing  Chambers _ 

_  "  Chamber  jpra a sure  regulator 

Chemical  particle  asperator 

Measuring-Devices  -  . 

Oxygen'Tacetylena  flow  meter4 

Chamber  water  flow  meter^  "  . 

Thermocouple  pickup  and  recorder 
Chamber  water  calorlmete.r 

^(.  Safety  Devices  .  ■  _  . 

Flame  arresters  ■ 

Nitrogen' purging  gas  1  '  .  ■  ' 

0.  Calibration  -v. 

Temperature:  Flame  temperature  is  calculated  from_ 
stoichiometric  combustion. 

Heat  Flux:  Heat  flux  is  measured  by  a  water  cooled 
calorimeter  having  the  same  relationship 
_ _ to  the  flame  as  the  tea^speelmens.  _ 

Chamber  Pressure :  Chamber  pressure  is  measured 
manometrically . 

Flame  Velocity:  Determined  from  differential 
pressure  (pitot  tube). 
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d.  Special  Features  of  the  RIME 

Heat  flux,  flame  tempera tui^,  flame  velocity  and  chamtex' 
pressure  may  te  accurately  measured  and  reproduced. 

Flame  composition  resulting  from  combustion  of  solid  pro¬ 
pellants  may  be  simulated. 

/Specimens  are  tested  in  an  enclosed  chamber. 

/  Firing  duration  is  controllable  to  within  0.1  second, 

:■  Combustion  gas  flow  is  measured  with  an  instrument  variation 
of  t  0.25^6.  /  . 

/  Specimen  back  surface  temperature  determined  by  spring  loaded 

thenaocouple  and  recorded  for  direct  read  out.  „ 

Nitrogen  purge  before  and  after  test  firing. 

e .  Test  Conditions  _ 

Pressure  To  30  psla  ' .  “  Jj.  '  ' 

Temperature  3S00®F  to  6300*P 

Heat  Flux  "To  650  BTU/ft^,~eec. 

"  Flame  Velocity  Hach  0.1  to  0.7  '  . 

Flame  Characteristics  -  Reducing >  Neutral  or- 
_ ; _  Oxidizing  (as  feiuired).  :  ^ 

s't'jLons  ~  - — 

2 

TeBt_speciinen6  su3?face_area,_  ft  ,  A 

Heat  input,  (as  measured  with  a  calorimeter) 

Qq  -  BTU  4  ft2/sec. 

Heat  of  Ablation:  »  Q*= 
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i 

i 

.  .  "I 

Exposure  time,  seconds  E  ..  i 

Total  wel^t  loss,  ITs  W  «  , 

Char  thleknese,  Inch  tg  a  -  (t^  +  t^)  | 

/  "  .  I 

Material  loss  rate,  Inch/sec.  MLR  *  (tg  -  t^)  +  E  I 


Physical  appearance  before  and  after  testing. 
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Q.  Suapensold  Propellant  Motor  (Slurry  Test  Motor) 

1.  Aerojet-Qeneral  Corporation,  Azusa 

a.  Deaerlptlon 

The  slurry  test  motor  was  developed  to  more  closely  simulate 
the  chemistry  of  aluminized  solid  propellant  fuels.  The  propellant  Is  In  the 
form  of  a  thixotropic  paste  containing  suspended  aluminum  particles,  and. the 
fuel  composition  closely  resembles  the  solid  propellant  from  which  it  Is  derived, 
nie  combustion  products  of  the  slurry  propellants  duplicate  those  of  the  parent 
solid  propellant. 

The  motor  is  fired  vertically,  with  the  pool  burning  pro¬ 
pellant  encased  in  an  instaated- shell.  Instrumentation  is  used  providing  a 
continuous  record  of  chamber  pressure  and  thrust. 

The  use  of  slurry  propellant  provides  the  possibility  for  ' 
voluntary  tennlnatlon  of  .a  test  firing,  so  that  failure  patterns  may  be  studied 
from  the  post-fired  specimens. 

b.  Conditions  _ 

The  suapensold  motor  is  currently  operable  for  firing 
durations  of  15  seconds  maximum,  at  1000  psia  using  a  nozzle  Insert  with  a 
.500"  diameter  throat.  Modifications  may  be  made  to  the  existing  facility  . 
in  order  to  obtain  longer  firing  durations  and  voluntary  termination  of  the 
test  oyole.  . 

Chamber  pressure  1000  psia 

Flame -Temperature  5^0*5’ ■ 

Mach  No. ,  1.0  at  ttie  throat 
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H.  Subseale  Solid  Propellant  Test  Motors 
1.  Atlantic  Research  Corporation 

a.  Deacrlptloa,  (see  Figure  9) 

(1)  Test  Motors;  For  maximum  flexlMlity,  end-bumlng  test 
motors  are  used.  Burning  tine  is  va5.ed  by  varying  grain  length,  and  pressure  ia 
varied  by  changing  the  btimlng  rate  or  the  throat  area.  The  burning  rate  is 
changed  by  embedding  fine  axially-oriented  wires  in  the  propellant. 

----  Thermocouples  are  custom  made  in  the  ARC  laboratories. 

Special  refactory  metal  thermocouples  are  used  above  the  chrmel-alumel  temper- 
alture  range.  Recording  equipment  includes  Mlnneapolls-Honeywell  Tlslcorders, 
Midwestern  Instrument  CoiQpany  records  and  Alinco  K-4  Ballistic  Conputer.  . 

(2)  Propellants ;  One  of  the  moat  important  variables 

irr  testing  is  the  propellant  since  tke  effects  of -flame  temperature  and  chemical 
reactivity  of  the  gas  are  critical.  A  single  propellant  could  be  used  for  a 
specific  test  program  where  the  objective  is  to  simulate  a  specific  rocket  motor 
condition,  but  because  of  these  effects,  it  is  not  possible  to  conduct  any 
general  testing  with  a  single  propellant. 

A- group  of  three  propellants  have  been  selected  for 
general  material  studies.  These  propellants  range  from  Arclte  363  containing 
no  aluminul,  to  Arclte  373  containing  21  percent  aluminum.  An  intermediate 
propellant,  Arclte  39^»  contains  7*75‘percent  aluminum.  Materials  which  react 
with  COg,  HgO,  or  HCL  will  undergo  erosica- tn^^clte  368  exibaust  because  of  its 
high  content  of  these  three  constituents.  Materials  which  react  with  molten 
aluminum  oxide  or  which  melt  between  and  5600*P  are  likely  to  perform 

poorly  in  the  gas  of  Arclte  373* 

b.  Component  Testing 


Motor  tube  insulation,  nozzle  Insulation,  nozzle  throat 
insert;  expansion  cones  and  Jetevator  impingement  bars  are  tested  in  the  test 
motors.  All  of  thess  components  can  bo  tested  simultaneously  during  a  motor 
firing  if  desired. 


1 

i 

] 
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(L)  Motor  Tube  Insulation 


The  testing  of  Insulation  materials  as  chamber  liners 
iB  conducted  in  a  hybrid  test  motor  (so-called  because  of'  its  unic[ue  construction 
features).  A  schematic  drawing  of  this  motor  is  shown  in  Figure  9.  Previous 
testing  has  generally  been  with  the  64 -inch  long,  6 -inch  diameter  propellant 
section  which '.operates  for  60  seconds  at  1000  psi.  The  motor-tube  insulation 
section  is  24  inches  long,  with  a  nominal  inside  diameter  of  four  Inches.  The 
test  epaclmeh  tubes  have  matched  tapered  Joints  and  are  cemented  to  form  one 
Intemally-smooth,  continuous  tube.  Dimensions  of  the  tube  can  be  changed. 
Normally,  six . cylindrical  specimens  are  tested  during  each  firing  and  temperatures 
are  meaaured  at  diametrical  points  on  a  cross-section  taken  through  the  mid-point 
of  each  tube.  The  thermocouples  and  a  magnified  sketch  of  thermocouple  assembly 
are  shown  In  Figure  9.  ■ 

;/  (2)  Nozzle  Insulation  . 

Insulation  niaterials  are  tested  on  the  convergent  face 
of  the  nozzle,  and  in  the  seotlon  of  the  nozzle.  A  nozzle  assembly  for  the 
6-lnoh  motor  is  shown  in  Figure  10.  Ohe  nozzle  Insert  is  thermally  insulated 
ffom  the  nozzle  assembly  to  duplicate  light-weight  flight  conditions. 

_ Six  panel  specimens  are  tested  simultaneously  ph  the 

convergent  face  with  each  specimen  being  independently  embedded  and  instrumented 
for  temperature  measurement.  After  testing,  these  specimens  are  removed  from 
the  bedding  cement  and  measurements  are  taken  of  the  surface  erosion,  depth 
of  degradation,  and  amount  of  unaltered  material.  The  firing  results  are 
coordinated. with  data  from  the  continuous  temperature  measurements.  The  nozzle 
test  assembly  can  be  used,  in  any  length  motor  to  obtain  a -comprehensive  evalu¬ 
ation  of  insulation  materials  for  many  exposure  conditions. 

(3)  -  Nozzle  Insert  Insulation  _ 

.  -  •  .  Testing  insulation  materials  for  the  throat  Insert. 

foLLows  a  simple  technique.  The  insulation  is  incorporated  in  the  nozzle 
assembly  around  the  Insert  as  shown  in  Figure  10.  Results  are  evaluated  by 
temperature  readings  on  the  cold  side  of  the  insulation  and  by  the  insulator's 
ability  to  retain  effectively  the  insert  and  form  a  gas  seal  around  it. 
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(1+)  Expansion  Cone  a  (Exit  Coneg) 

The  divergent  test  section  is  a  simple  conical  piece 
separately  mounted  in  the  eo^ansion  section  of  the  nozzle.  Althou^  Figure  10 
does  not  show  thenaocouple  instrumentation  of  the  expansion -cone  test  piece ^ 
several  thezmocouples  are  inserted  Into  test  pieces.  Results  of  testing  are 
measured  in  a  manner  similar  to  that  for  convergent  test  parts. 

(5)  Jetevator  Impingement  Testing 

Jetevator  tests  are  made  at  ARC.  The  specimens  ara 
bars,  l/h"  x  3/8"  x  1-1/4",  bountad  in  such  a  way  that  they  can  be  introduced 
into  and  removed  from  the  motor  exhaust  at  will;  normally  they  are  eapjosed  for 
two  seconds  and  then  out  for  two  seconds.  The  number  of  cycles  employed  durl;ng 
a  run  is  dependant  on  the  firing  duration  of  the  motor.  The  3/8"  wide  face 
is  exposed  approximately  L/I6"  into  the  flame  at  73»5*  to  the  cone  edge.  The 
specimen  la  backed  up  with  a  micro-quartz  insulator  and  molybdenum  backup  bar. 
Changes  of  profile  indicates  the  effects  of  the  exposure  to  the  specimen. 

c .  Calculations 

(1)  Insulation  . - 

Char  depth,  in. 

Erosion  depth,  in. 

Exposure  time,  sec. 

Temperature,  cool  side,  ‘P 

Chamber  pressure,  psi 
■  Weight  loss,  it 

Physical  appearance  after  test 

(2)  Throat  Inserts 

Chamber  pressure,  psi 

Firing  duration,  sec. 

Throat  diameter,  before  and  after 
firing,  in. 
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2.  AIleg:ieny  Balleltics  Laboratory 

a.  Descriptloni 

Several  types  of  subacale  test  motors  are  used  for  the 
evaluation  of  riozzle  and  Insulation  materials.  Test  motors  are  "end  burning", 
and  use  a  solid  propellant  fuel.  Conditions  are  controlled  by  the  selection 
of  propellant,  nozzle  design  and  size  of  the  motor  used.  Characteristics  of 
the  propellant  used  most  freq.usJi'tly  are  as  follows: 

Propellant  Theoretical  Percent 

Identification  Flame  Temperature  Aluminum 

CDT  -  80  6000*  -  6373'’F  20.0 

CDT  -  80  is  a  modified  double  base  propellant  containing  aluminum  and  ammonium 
perchlorate. 

Test,  methods  used  for  the  evaluation- of  chamber  insulation., 
nozzle  insulation,  and  nozzle  throat  Inserts  are  described  as  follows; 

b.  Chamber  Insulation 

•  (1)  Slab  Teat, ^ see  Figure  11) 

This  test  consists  of  exposing  a  .375"  x  2"  x  1.375" 
insulation  specimen  to  hot  g&az'i  on  the  approach  nozzle  section  of  a  subscale 
test  motor  as  Illustrated  on  Figure  11.  CDT-dO  propellant  Is  used  to  yield  the 
following  conditions*  .  " 

Qas  Velocity  -  100  -  130  ft/sec. 

Temperature  3000*K  (6375*P) 

Burning  Time  -  v®  to  30  seconds 
Pressure  -  2^0  -  1000  psl 

At  the  end  of  the  firing  tho  motor  is  flushed  with  COg  to  prevent  spontaneous 
Ignition  of  the  hot  insulation  residue. 
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(2)  Peripheral  Slat  Test 

/  The  peripheral  slab  . test  consists  of  exi)08ing  a  sljigle 

face,' of  a  2"  x  4"  x  3/8"  slab  of  insulation  to  rocket  combustion  gases,  Eight 
speo'iiiens  may  be  tested  simultaneously  as  they  are  fastened  to  the  inside  of 
the/ insulation  sleeve  placed  in  the  aft  section  of  a  single  end  burning  motor. 

This  test  apparatus  pemlta  convenient,  evaluation  of  material  over  the  foilwing 
ranges  of  variables: 

..  Exposure  Time  10  to  60  seconds 

i 

Pressure  200  to.  2000  psl 

Oaa  Velocity  30  to  80  ft/sec 

s  At  the, and  of  the  firing  the  motor  is  flushed  vith 

S  COg  to  prevent  spontaneous  ignition  of  the  hot  insulation  residue. 

’  'This  teat  was  dlvl8ed,''to  avoid  the  dififlculty  encoun.toi'ed 
i  in  the  regular  slab  test  vith  certain  materials,  particularly  at  high  pressures 

£  (700  psl).  iniis  difficulty  is  manifested  as  a  tendency  toward  steam  lining  of 

L:  the  specimen  as  shown  below; 


Slab  Cross  Section 


Gas  Plow 

-  -  ■  The  pfesenee ‘of  this  phenomenon  makes  the  evaluation 

of  char  or  erosion  depth  difficult  or  impossible. 

(3)  Blast  Tube 

In  order  to  study  the  profound  effect  of  gas  velocity 
on  insulating  materials,  a  blast  tube  contalnl^  the  insulation  specimen  is 
fitted  to  the  aft  end  of  the  five  inch  test  motor  illustrated  in  Figure  11. 
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The  specimen  consists  of  a  tube,  the  diameter  of  which  may  vary,  be  twee;.; 
and  1-1/2"  depending  upon  the  velocity  desired.  Tlie  blast  tube  in  centum. 
with  the  peripheral  slab  test  pemaits  the  evaluation  of  insulatj.pn  perfomarep 
over  throat -to -port  area  ratios  ranging  from  .009  to  .9  or  gas  velocities  of 
500  to  1200  ft/sec  with  VHl  propellant.  The  major  disadvantage  of  this  test 
method;  namely,  the  inability  to  maintain  constant  velocity  across  an  erodable 
material  in  the  blast  tube.  At  25O  psi  the  char  rate  for  asbestos  phenolic 
almost  doubles  going  from  50  ft/sec  to  1200  ft/sec. 

c.  Noazle  Insulation  Test,  (see  Figure  12) 

Nozzle  insulation  materials  are  tested  on  the  entrance  aid 
exit  sections  of  the  nozzle  assembly.  This  testing  Involves  the  use  of  a  very 
high  impulse  propellant,  CDT-80,  in  a  9"  test  motor  illustrated  on  Figure  12. 

d .  Throat  Inserts,  (see  Figure  13) 

The  evaluation  of  nozz].e  throat  materials  are  called  out 
by  testing  the  throat  inserts  in  the  three,  five  and  nine  inch  diametb;.r  sub- 
scale  test  motors  using  a  double  bass:  aluminized  propellant  containlr/g  ammonium 
perchlorate.  Figure  13  Illustrates  the  five  inch  diameter  test  moto,r  -used,  most 
frequently.  _  '  f 

e .  Calculations 

(1)  Insulating  Materials 

Char  depth,  inch  CD  a  (t^  -  ty)  42 

Erosion  depth,  inch  ED  a  (to  -  tf )  4  2 

Exposure -time,  sec.  . 

Temperature 'cool  side,  ®F 

Char  rate,  mils/sec  OR  a  (t..  -  t,.^  »  E  ' 

Erosion  rate,  mlls/sec  ER  (t^  -  tf) 

Chamber  pressure,  pei 
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Total  weight  loes^  lb£  W  =i  W..  - 

(..*  .j. 

Physical  appearance  after  test  . 

Ideally,  materials  tested  by  the  above  methods  are  evaluated  in  terns  of  chsr 
depth  or  the  depth  of  the  altered  material.  This  concept  is  based  on  the 
premise  that  a  material  la  behaving  as  an  effective  heat  barrier  as  long  as 
unaltered  organic  material  remains.  Some  materials  degrade  in  such  a  pecullsr 
fashion  that  it  becomes  inoonvenient  or  impossible  to  rate  them  according  to 
rate  of  char. 

(2)  Mozzle  Throat  Inserts 

Chamber  pressure,  psl 

‘  Firing  dui-ation,  sec. 

Throat  insert  diameter  before  firing,  in. 

'  Throat  insert  diameter  after  firing,  in. 

Throat  insert._dlameter  after  removal  of  '  --  - . 

AI2O3  deposits,  in. 

Physical  appearance  after  test. 
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3.  Aero.let-Qeneral  Corporation 


El  MERM 

(1)  Description,  (see  Figure  lU) 

The  Material  Evaluation  Rocket  Motor,  MERM,  la  a  sub- 
scale  teat  motor  used  for  the  evaluation  of  candidate  nozzle  and  Insulating 
materials.  The  MERM  has  an  end  burning,  8-lnch  diameter," case  bonded  grain. 

Test  conditions  are  controlled  by  changing  the  nozzle  Insert  desl^  and  the 
choice  of  propellant  type.  Changes  are  made  as  required  to  simulate  the  latest 
POLARIS  operating  conditions.  Figure  l4  Illustrates  the 'MERM  assembly. 

Ins\ilation  materials  are  tested  on  the  convergent 
section  of  the  nozzle  assembly  In  the  form  of  a  throat  Insert  entrance  cap  as  . 
shown  in  Figure  15.  ■ .  . 

(2)  Conditions  '  ■).' 

Duration,  60  seconds 

Chamber  Presstire,  1000  psla 

♦Flame  Temperature,  5200-6500®F 

Velocity,’ Mach.  No.  1.0  at  the  throat  '  " 

Throat  Diameter  .^9" 

♦Varied,  dependant  on  project  ;reqiiirements  and  propellant  developments.  .  . 

■b.  '  RITE  - 

..  .  _  _  (1)  Description ,  see  Figure  I6 )  •  -  _ -  _ _  _  _ 

The  RITE  motor  is  a  subscale  rocket  motor  ■similar  to 
the  MEtW  with  an  extended  motor  casing  which  uoubbd  ail-iiiSulatiOh -test  Speclmsu. 
Material,  candidates  for  BITE,  motor  tests  are  formed  into  bell  mouthed  straight 
blast  tubes  of  various  diameters  which  produces  the  same  range  of  gas  velocities 
present  In  full  scale  motors.  Plots  of  material  loss  rate  veiisus  velocity 
facilities  selecting  the  proper  thickness  of  material  for  various  velocity 
regions  In  the  full  scale  motors.  Ihe  aft  end  of  the  extended  motor  casing 
employs  a  porMUS  graphite  throat  Insert  fitted  with  a  water  tap.  Chamber 
pressure  is  controlled  by  maintaining  a  constant  water  pressure,  on  the  throat 
Insert,  which  eliminates  or  reduces  erosion  of  the  throat.  Figure  16  illustrates 
the  RITE  test  motor. 
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(2)  Conditions 

♦Flame  Temperature , 


Chamber  Pressure 


Throat  Diameter, 
Oas  Velocity, 


(3)  Calculations 


60O0*F 

Approximately  350  ,psla 

.583" 

Pending  on  Inside 
diameter  of  test 
specltash  Mach  .03  to  .30. 


n  Test  specimen  surface  area,  ft^ 
BTU 

a  Heat  Input,  — :  —  ,  as  measured 
.  fta/sec.  ' 

with  a  csdorlneter. 


Effective  heat  of  ablation  in 

LB. 


MLR  a  Material  lose  rate,  ■  Inobes 

E  sec. 

♦Varied  dependant  on  project  requirements  and. propellant  developments. 


II.  CoBOwriBon  of  Taat  Savlcttfl  and  Test  FRCllltles 
A.  Test  Davlcefl 


1.  Oxyacetylene  Torch 

a.  nie  most  general  accepted  laboratory  soreenlng  test  for  the 
evaluation  of  Insulation  materials  Is  the  oxyacetylene  torch  tost.  Testing  Is 
rapldj,  eoononleali  and  does  not  require  elaborate  eq;ulimient.  However,  a  vide 
range  of  operating  conditions  exist  between  each  test  orgalnsation  and  as  a 
rasult,  test  data  differs  between  each  facility  for  a  given  material.  Also, 
materials  showing  superior  perfoxnanee  In  torch  tests  often  fail  In  solid  pro¬ 
pellent  test  firings. 

b.  The  need  for  standardization  has  been  recognized  by  the 
various  test  laboratories  and  as  a  result  a  proposed  standard  has  been  drafted 
by  a  Joint  ASm-Navy  Ccmsittee  for  the  standardisation  of  o^cetylene  torch 
tasting.  (A  brief  summary  6f  the  proposed  standard  is  included  below. )  The 
author's  analysis  of  the  results  obtained  during  this  siurvey,  indicates  that 
correlation  will  be  difficult  between  oxyacetylene  torch  and  subseale  testing 
using  the  proposed  test  conditions.  However,  by  using  a  high  gas  flow  in  the 
order  of  supersonic  velocities,  a  correlation  can  be  established  between  torch 
and  subseale  motor  testing. 

c.  The  oxyacetylene  torch  apparatus  used  by  the  AQC  POLARIS 
Projb'.;':  utilizes  an  oscillating  mechanism  secured  to  the  torch  to  create  a  motre 
turbulent  condition  at  the  specimen  surface  to  test  the  resistance  of  the  spalling 
charaoterlstlos  of  the  material. 

I 

d.  The  following  proposed  standard  has  been  drafted  as  of 

1  December  I960,  by  the  Joint  ASIDt-NAVY  Coonlttee  for  the  standardization  of 
oxyacetylene  torch  testing. 

APPARATUS 

(b^oetylene  Torch,  Capable  of  supplying  specif  led  has  flow  rates. 


Torch  Tip,  Single  port  -  -  O.130  in.  ID 

Total  Oas  Flow  Rate  225  Scfh.  * 
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Volume  Ratio  of  Oxygen  to  Acetylene  -----  1.20 

Itiermoconple  Wire  Size  -  --  --  --  --  -  28b  and  S  ga^e 

or  smaller 

Temperature  Record  Pen  Response  Time  —  -  -  1  second  full  scale 

or  faster 

Temperature  Record  Chart  Speed,  Ma.,  -  -  -  -  8-10  In/mln 


Traacloat-  Calorijneter  for  Heat  Flux  Msasuremeats 
Pressure  Prohe  for  Flame  Pressure  Measurements 
SPECIMEIN 

Size,  0.250  inch  thick,  remaining  dimensions  and  configuration 


not  specified. 

PROCEDURE 

Angle  of  Impingement  ------------  90" 

Specimen  to  Torch  Tip  Distance  -------  ,750  in. 


Maximum  allowable  to  bring  flame  onto  specimen-l/2  second 

Termination  of  Test,  after  a  backface  temperature 
of  800*C  (llf72®P)  has  been  reached  (idien  possible).  An 
optional  procedure  permits  complete  bumthrou^  of  panel 
for  measuretaent  of  erosion  rate. 

MEASUREMENTS 


Thickness,  weight-  end  density  of  specimen  prior  to  test. 
CAJiCUIATIONS 

Inau^tion  indices  at  100,  200,  ^tOO,  and  800*C  (212,  392,  752  and 
by  dividing  the  tine  to  «ach  these  tenperatures  by  the 
original  thickness  of  the  specimen. 


Erosion  Rate,  original  thickness  of  the  specimen  divided  by  the 
time  to  bumthrough . 


lasulatlon  to  Weight  Ratio,  Insulation  Index  divided  ty  the 
original  density  of  the  specimen. 

Arithmetic  average  of  items  1-3  inclusive  for  five  replicates. 

Root  means  Bq.uare  deviation  of  items  1-3  inclusive  for  five 
replicates . 


■^Standard  cubic  feet  per  hour,  70®F,  lJ<-.7  Ibs/sq.  in. 

2.  Plasma  Teat  Devices 

a.  The  plasma jet,  a  more  elaborate  and  versatile  test  device  Is 
capable  of  producing  higher  pressures,  velocities,  teoperatures,  and  heat  fluxes 
them  those  produced  by  emy  other  test  device  discussed  in  this  report.  A  vide 
range  of  operating  conditions  exist  between  the  various  units  which  is  primarily 
dependant  on  the  power  output.  Some  units  are  capable  of  simulating  the  products 
of  combustion  found  in  solid  propellant  motor  conditions  by  injection  of  mixed 
gases  and  solid  particles  in  the  plasmarc.  Ihe  plasmajet  is  considered  a  good 
device  for  research  purposes,  but  the  cost  of  equipment  and  operating  expenses, 
its  use  for  insulation  screening  and  Intermediate  testing  should  be  carefully 
analyzed.  Listed  below  is  a  conparlson  of  the  varloiis  plasma  units  and  their 
applications  used  hy  the  various  test  organizations. 

(1)  Plaamatron 

A  imit  used  by  AGC,  Azusa,  for  obtaining  thermal  data 
on  prospective  materials.  Low  pressure  -unit,  60  KW  available  power,  csn  only 
simulate  a  narrow  range  of  thermal  conditions. 

(2)  Plasmajet 


Both  AGC-ARC  units  are  similar  and  have  a  higher  power 
output.  So  K¥,  than  the  Plaamatron.  Capable  of  sitnulatlng  rocket  motor  combustion 
products  by  injection  of  mixed  gases  and  solid  particles  in  the  plasmarc. 


\  aao 

To  operate  at  the  same  press’Jires,  and  heat  fluxes  as 
the  POLARIS  rocket  motor.  Gaseous  products  of  combustion  in  solid  rocket  motors 
can  be  simulated  by  injection  of  gases  and  solid  particles  in  the  plasmarc. 

(1000  KW  high  pressure  plasma  generator) 

Unit  still  la  the  construction  stage.  Expected  to  be 
operating  in  the  near  future. 
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3,  Gaseoua  Test  Motors* 

a.  Gaseous  test  motors  are  elaborate  torch  test  devices,  enslo??:? 

In  a  combustion  chamber,  vhere  the  test  specimen  Is  cooipletely  submerged  In  the 
gaseous  products  of  combustion  and  subjected  to  a  greater  area  of  diffused  heat 
transfer.  Test  motors  eue  usually  instrumented  to  measure  the  control  operatlrig 
conditions  eind  to  obtain  specimen  thermal  data.  Certain  units  sore  capable  of 
Injecting  solid  particles  into  the  gas  stream  to  test  the  characteristics  of  erosioi. 
on  the  specimen.  However,  Insufficient  heat  flux  is  obtained  which  affects  thermal 
reactions  and  their  combustion  products  are  different  than  those  produced  by  solid 
rocket  motors. 

b.  The  cost  of  the  equipment  and  its  construction  hardly  warrants 
the  use  of  the  apparatus  for  screening  and  Intermediate  testing  of  insulation 
materials  since  screening  tests  can  be  acconpllshed  with  the  Ines^enslve  torch  test. 
Insufficient  heat  flux  and  different  conibustlon  products  than  those  produced  by 
solid  propellant  test  motors  limit  Its  use  for  intermediate  or  screening  tests. 

U.  Subaeale  Solid  Propellant  Test  Motors 

a.  The  subaeale  solid  propellant  motor  has  been  proven  to  be  a 
versatile  test  device  by  offering  a  vide  selection  of  propellants  to  give  a  range 
of  time,  temperature  euid  pressures. 

b.  Both  nozzle  Insert  and  external  Insulation  materials  may  be 
tested  slnn;dtanflouBly  idiile  some  units,  such  as  the  RITE,  utilizes  a  blast  tube-,  for 
the  testing  of  internal  Insulation  at  high  gas  velocities. 

0.  Test  results  are  closely  related  to  full  scale  firings  when 
firing  conditions  are  duplicated. 

d.  Ohe  subscale  solid  rocket  test  motor  has  the  disadvantages 
over  laboratory  test  devices  by  relying  on  outside  laboratory  control  for  sehediil- 
Ing.  processlnc,  assembly  and  firing  of  the  test-  aot-ors. 

e.  The  aubscole  test  motor  Is  considered  the  better  test  device 
for  testing  of  materials  prior  to  full  scale  firings.  However,  considerable 
iti^rovement  could  be  obtained  by  the  standardization  of  test  specimens,  conditions, 
motors  and  propellants. 


*  Gaseous  test  motors  defined  In  this  report  are  test  devices  using  a  gaseous 
medium  for  producing  combustion  in  an  enclosed  chamber,  such  as,  the  hydrogen- 
oxygen  motor,  acetylene -oxygen  motor,  and  the  propane -air-gas  motor. 
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f.  Uie  following  outline  Is  a  comparison  of  a  subscale  test  motor 
used  by  the  various  test  organizations; 

(1)  Atlsuitlc  Research  Coii)oration 

Well  organized  test  program  with  a  wide  selection  of 
propellants  and  motor  sizes  for  obtaining  test  conditions  desired.  Reporting  of 
test  data  is  also  well  organized.  However,  no  program  has  been  established  for 
the  testing  of  insulation  inaterl.als  at  high  velocities.  Test  reports  are  not 
always  consistent  in  reporting  the  soiirce  of  teat  material. 

(2)  Allegheny  Ballistics  Laboratory 

Excellent  for  their  studies  on  the  effects  or  operating 
conditions  on  insulation  materials.  First  facility  to  Incorporate  a  blast  tube  or> 
their  test  motors  for  determining  the  effects  of  velocity  on  insulation  performace. 

Nominal  test  conditions  often  vary  and  test  data  Is  often. 
Inconsistent  with  no  continuity  from  one  quarterly  report  to  the  following. 

(3)  Aerojet-Oeneral  Corporation 

RI!EE:  -  Capable  of  producing  the  same  range  of  gas 
velocities  as  those  occurring  at  various  locations  and  times  in  full  scale  motors. 
Plots  of  material  loss  rate  vs,  velocity  or  mass  flow  rates  facilitate  the  selection 
of  material  of  adequate  thlclmess  for  various  velocity  regions  in  the  full  scale 
motors. 


Constant  chamber  pressure  can  be  obtained  by  controlling 
the  erosion  of  the  throat  Insert  by  use  of  water  pressure  on  the  porous  graphite 
Insert.  Established  methods  of  reporting  test  data  which  is  kept  up  to  date  in  a 
firing  log  book. 


MERM  -  Primarily  used  for  evaluation  of  throat  insert 
materials.  Close  correlation  to  full  scale  motors  by  selecting  material  combina¬ 
tions  and  thickness  based  on  heat  transfer  and  thermal  stress  studies. 

Results  on  insulation  testing  are  limited  to  relative 
comparisons  between  materials. 


APPENDIX  B 


I 


3 


FIGURE  2 

OXIACETXLENE  TCRCH  TEST  F/iCILlTY 
?!A?AL  CRDKJUICE  LA3CP.ATOHI 


AEROJEI-GSKEEIAL  CORPORATION 
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FIGURE-  7 

PROPANE-AIR  GAS  lEST  MOTOR,  PAG 
ATLANTIC  RESEARCH  COEIP. 
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SU3SCALE  SOLID  PROPELLANT  HYBRID  TEST  MOTOR 
FOR  TESTING  IHSDLAT.TON  SPECIMENS 
ATLAT  IC  RESSARCL-  CORP. 
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PI  OURS  -  10 

3UB3CALE  ISai’  MOTOR  NOZZLE  ASSEMBLY 
SHOWING  NOZZLE  APPROACH  INSULATION,  NOZZLE  INSERT 
AND  EXPANSION  CONE. 

ATLANTIC  RESEARCH  CORPORATION 
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AEROJET  GENERAL  CORP. 
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